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Abstract
This work is devoted to investigate light confinement in rolled-up microtubular cavities
and their optofluidic applications. The microcavities are fabricated by a roll-up mecha-
nism based on releasing pre-strained silicon-oxide nanomembranes. By defining the shape
and thickness of the nanomembranes, the geometrical tube structure is well controlled.
Micro-photoluminescence spectroscopy at room temperature is employed to study the
optical modes and their dependence on the structural characteristics of the microtubes.
Finite-difference-time-domain simulations are performed to elucidate the experimental re-
sults. In addition, a theoretical model (based on a wave description) is applied to describe
the optical modes in the tubular microcavities, supporting quantitatively and qualitatively
the experimental findings.
Precise spectral tuning of the optical modes is achieved by two post-fabrication methods.
One method employs conformal coating of the tube wall with Al2O3 monolayers by atomic-
layer-deposition, which permits a mode tuning over a wide spectral range (larger than one
free-spectral-range). An average mode tuning to longer wavelengths of 0.11 nm/Al2O3-
monolayer is obtained. The other method consists in asymmetric material deposition onto
the tube surface. Besides the possibility of mode tuning, this method permits to detect
small shape deformations (at the nanometer scale) of an optical microcavity.
Controlled confinement of resonant light is demonstrated by using an asymmetric cone-like
microtube, which is fabricated by unevenly rolling-up circular-shaped nanomembranes.
Localized three-dimensional optical modes are obtained due to an axial confinement mech-
anism that is defined by the variation of the tube radius and wall windings along the tube
axis.
Optofluidic functions of the rolled-up microtubes are explored by immersing the tubes or
filling their core with a liquid medium. Refractive index sensing of liquids is demonstrated
by correlating spectral shift of the optical modes when a liquid interacts with the resonant
light of the microtube. In addition, a novel sensing methodology is proposed by moni-
toring axial mode spacing changes. Lab-on-a-chip methods are employed to fabricate an
optofluidic chip device, allowing a high degree of liquid handling. A maximum sensitivity
of 880 nm/refractive-index-unit is achieved. The developed optofluidic sensors show high
potential for lab-on-a-chip applications, such as real-time bio/chemical analytic systems.
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Introduction
Optical microcavities have been the subject of fundamental research and several appli-
cations studies due to their unique property of confining light of specific energies at
small dimensions. Those structures force light to recirculate, establishing a feedback
process that leads to the formation of optical modes. This attracts a notable interest
in a wide range of fields, including integrated optics, cavity-electrodynamics, and ana-
lytical sciences, to name a few [1–3]. The recirculation mechanism offers two scenarios
where light-matter interaction occurs. On the one hand, the confined light significantly
interacts with the resonator material; thus, for example, radiative properties of atoms
or molecules embedded in the cavity may be enhanced or inhibited depending whether
their emission spectrally coincides or not with the optical modes of the microcavity [2,4].
On the other hand, since part of the electromagnetic field is not confined inside the res-
onator, i. e. the evanescent field, the circulating light interacts with the medium in the
vicinity of the cavity boundaries. This particular phenomenon is drawing increasing re-
search activity to explore sensing capabilities of optical microcavities. A sensing method,
based on monitoring the spectral shift of the cavity’s optical modes, had proved to be
efficient detecting bio-molecules, gases and liquid samples which enter in contact with
the cavity surface [5–7]. With this method, label-free sensing is achieved avoiding the
need of labeling agents, which require additional steps towards sample preparation and
might interfere with the sample’s biological/chemical functions [8]. Optical microcavities
have shown sensitivity values that rivals state-of-the-art label-free optical sensors such as
surface plasmon resonance instruments and interferometers [8–10]. Thus, there is a great
need to develop novel optical microcavities as interest in label-free optical sensors with
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outstanding sensitivity has increased in areas such as bio/chemical analysis. Certainly,
a fundamental issue of the application of optical microcavities for sensing purposes is
to understand and control the confinement of light. This thesis presents results of an
investigation addressed to study the confinement of light in rolled-up optical microtube
resonators and their potential application as optical sensors, specifically in the detection
of liquids.
Out of the vast variety of geometries available for optical microcavities, tubular optical
micro-resonators exhibit a unique characteristic that their inherent core might be used
as a channel. In this way, tubular microcavities offer a dual use as optical sensor and
microchannel component where the sample under study can flow. By using a roll-up
mechanism, micro-/nanotubular structures have been fabricated out of pre-strained thin
solid films [11,12]. Several works have demonstrated the possibility to employ such rolled-
up microtubes as optical microcavities [13–15], which present a tube wall with thickness
smaller than the wavelength of the confined light. Since the sensing performance relies
on the amount of evanescent field propagating out of the microresonator surface [16, 17],
the sub-wavelength wall thickness of rolled-up microtubes favor the interaction of the
evanescent field with the sample analyte. However, previously demonstrated rolled-up
microtubes have been made of materials with relatively high refractive indices, which
increases the light confinement in the resonator wall and correspondingly reducing the
penetration depth of the evanescent field [17]. Here, rolled-up microtubular resonators
composed of materials with relatively low refractive indices (with respect to the medium
surrounding the microcavity) are examined. The effect of their structural properties on
the confinement of light are studied in order to optimize the sensing response of the thin-
walled microtubular cavities. In addition, their sensing capabilities are investigated both
when a liquid medium completely covers the microtube as well as when a liquid is placed
solely inside the tube core.
The intrinsic channel of the tubular geometry directly suggests a coupling compatibil-
ity of rolled-up microtubes with microchannels. Such integration on a single chip is a
prerequisite to obtain a compact, versatile and portable chip-scale device. Thus, tubu-
lar optical cavities merged with microchannels systems should offer complex handling of
fluids and sensing performance in a single device, which is demanded in pharmaceutical
diagnosis and analytical sciences [8, 18]. In this thesis we fabricate and characterize an
optofluidic chip, with integrated microtubes and microchannels, that offers high degrees
of functionality for biosensing-applications.
This work is organized as follows: Chapter 2 deals with the methods needed for the
fabrication of rolled-up optical microtube resonators. In addition, this chapter discuss the
methods employed to characterize optical modes of the microtubes and their structural
features.
In the Chapter 3 the theoretical framework to model optical resonances in rolled-up
3microtubes is presented in detail. First, we briefly review Maxwell’s equations in order
to obtain the wave equation. Then, the tube’s cross-section treatment is discussed using
two approaches. Finally, the method to consider the entire three-dimension of the tube
is discussed.
The experimental and theoretical results of this thesis are presented in Chapters 4, 5 and
6. Those chapters will be motivated, introduced, and concluded separately. Chapter 4
investigates optical modes in silicon-oxide-based rolled-up microtubes. In particular, this
chapter presents the evidence of optical modes were no resonant confinement of light is
observed along the tube axis. This chapter focus on the light confinement conditions and
control of the confined modes.
In Chapter 5, a further control of light is demonstrated. Three-dimensional optical modes
in rolled-up microtubes are obtained due to variation of tube diameter and refractive
index of the tube wall along the tube axis.
Chapter 6 deals with optofluidic applications of silicon-oxide-based rolled-up microtubes.
Liquid-sensing functions are studied for tubes with the optical characteristics obtained in
Chapter 4 and 5. Moreover, this chapter presents the fabrication and characterization of
an optofluidic chip sensor, where the sensing mechanism depends on the optical modes of
rolled-up microtubes.
Finally, in Chapter 7 the work is concluded and a brief outlook to further studies is given.
An approach to enhance the sensing capability of rolled-up microcavities is suggested.
4 1. Introduction
Give me a place to stand on, and
I will move the Earth
-Archimedes
2
Methods and Materials Systems
This chapter introduces and discusses the general experimental technique to fabricate
rolled-up microtubes. The initial discussions focus on the methods and materials used to
fabricate rolled-up optical microcavities. The last sections of this chapter consider details
on the experimental and computational techniques employed in this work to characterize
the above mentioned optical microstructures. The techniques here given are prerequisites
to explain the experiments and results presented in the subsequent chapters.
2.1 Photolithography
Photolithography is used to transfer predefined patterns onto a photoresist film spin-
coated over a sample substrate. The patterning information is carried by a photomask. In
this work, a quartz plate with chrome (Cr) patterns is used as photomask and the contact-
mode photolithography process is employed. In this process, the photomask is placed onto
the photoresist-coated substrate and subsequently exposed to ultra violet (UV) light.
Fig. 2.1 (a) schematically represents the process of contact-mode photolithography. The
Cr structures avoid selected regions of the photoresist film from being exposed to the
UV light. The sample is then subjected to a development step (wet chemical etching),
which dissolves either the exposed or unexposed photoresist regions depending on the
chemical properties of the photoresist after UV light exposure. A photoresist is cataloged
as positive/negative photoresist when the exposed/unexposed regions are removed after
the developing solvent step. As a result, three-dimensional photoresist structures are
5
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produced which are extruded replications of the opaque or transparent patterns areas on
the mask. Fig. 2.1 (a) and (b) schematically show the patterning transfer process by using
a positive photoresist, which was particularly used in this work.
Fig. 2.1: (a) Illustration of the photolithography process used to define patterns onto a positive
photoresist layer. (b) Resulting patterned photoresist after the development step, which removes
the regions exposed to UV light. (c) Top-view optical microscope image of an array of squares,
patterned using positive photoresist (AR-P 3510).
Photolithography provides a versatile platform of controlling the length, number of wind-
ing and structural characteristics of the self assembled rolled-up microtubes obtained by
roll-up nanotechnology, where the patterned photoresist is used as sacrificial layer. Fur-
thermore, the number of microtubes and their spatial distribution on the substrate can
be engineered by the photolithographic process.
In this work Si(001) wafers were used as a substrate. The wafers were cut in square
pieces with a side length of 15 mm. A surface roughness of the wafer of 0.3 nm was
measured by atomic force microscopy (AFM) beforehand. Alternatively, glass slides with
a similar surface roughness as the Si wafers were employed as substrate. Before the
photolithography procedure, the substrate goes through a cleaning treatment in order to
remove organic residues. The substrate cleaning process consist of:
1. Acetone dip with ultrasonic bath for 1 minute.
2. Isopropanol rinse.
3. Blow dry with nitrogen pistol.
The sample is then baked on a hotplate at 120 ◦C for 10 minutes ensuring a complete
drying of the substrate surface. Afterwards, the substrate is subjected to the following
photolithography process:
1. Spin coat TI Prime (Microchemicals GmbH) at 3000 rpm for 20 seconds (adhesion
promoter of the photoresist).
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2. Bake at 120 ◦C for 2 minutes on a hotplate.
3. Spin coat positive photoresist AR-P 3510 (Allresist GmbH) at 3500 rpm for 35
seconds.
4. Hotplate baking at 90 ◦C for 1 minute.
5. UV light exposure for 7 seconds. Using a mask aligner (MA56, SU¨SS MicroTec AG)
in contact mode with UV light exposure at 365 nm.
6. Dip for 45 seconds in a developing solution AR 300-35 (Allresist GmbH) 1 : 1
volume/volume diluted with DI water.
7. DI water rinse.
8. Blow dry with nitrogen pistol.
The previous process produces patterns with surface roughness of 0.2 nm and height of
2.4 µm, measured by atomic force microscope and a stylus profilometer (Dektak 8, Veeco
Instruments Inc), respectively. TI Prime is particularly used in this process as an adhesion
promoter favorable for substrates such as Si or glass. TI Prime forms a substrate-bonded
hydrophobic sub-monolayer that allows subsequent photoresist coating with improved
wetting and adhesion. Fig. 2.1 (c) shows, as an example, few square-patterned photore-
sist structures produced by the above-described photolithographic procedure. Patterns
with different geometries were used in this thesis. Their dimensions will be detailed and
discussed in further chapters.
2.2 Deposition Methods
In this section, an overview on the deposition methods used in this work is given. First,
we introduce the evaporation technique employed to deposit the dielectric materials which
later will self-assemble into tubular microstructures. Second, a complementary deposition
method, used after the microtubes are fabricated, will be presented. In addition to the
deposition methods, this section includes discussions on the supplementary techniques
needed towards the creation of rolled-up tubular microstructures.
2.2.1 Angular Electron-beam Deposition
Electron-beam (e-beam) deposition is a thermal evaporation tool where a source material
is directly heated and evaporated by an electron beam. The deposition process occurs
inside a vacuum chamber pumped down to very low pressures (high vacuum) 10−4-10−6
mbar. Current passing trough a thermoelectric filament generates electrons which form a
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beam of electrons under the action of an accelerating electrode. Several magnetic fields
direct and focus the e-beam onto a source material placed within a water-cooled crucible.
After few minutes, the source material melts and begins to evaporate towards the sample
substrate. The angle between the evaporation flux and the sample can be controlled when
the substrate is loaded into the chamber. Due to the tilted feature of the sample [19,20],
this method is referred as angular e-beam deposition, which is schematically represented
in Fig. 2.2.
Fig. 2.2: Schematic of the angular e-beam deposition method. An electron-beam is focused on
a material, which evaporates onto a tilted substrate (respect to the evaporation flux).
The angular e-beam deposition method is especially favorable to fabricate microtubes
employing roll-up nanotech on patterned photoresists. A shadow region is intrinsically
defined by ballistic effect when a tilted flux material is deposited on a patterned photore-
sist. The gap region is employed as the start etching edge, allowing solvents to enter and
dissolve the sacrificial layer (photoresist). In this way, a rolling direction is imposed to the
deposited layers since the film starts to bend up from the shadow region. In the case that
no angular deposition method is employed, the starting etching edge could be determined
by procedures including mechanical scratching [21] or an extra lithographic process [19].
The shadow window region formed by a tilted deposition is depicted in the sketch of
Fig. 2.3 (a) and the optical image of Fig. 2.3 (b). In this work, angular e-beam deposition
was used to evaporate SiOx/SiO2 or SiO2/SiO2 bi-layer with nanometer thickness, also
referred as nanomembrane (here, those terms are employed interchangeably). The sub-
strate was placed at an angle of θ = 60◦, defined in the sketch of Fig. 2.2. The deposition
rate is monitored in situ by a quartz crystal deposition-controller and cross-checked by
stylus profilometer measurement after deposition. In order to obtain enough strain gra-
dient in the deposited bi-layer to get rolled-up microtubes, the first film is prepared by a
2.2. Deposition Methods 9
fast deposition rate (> 6 A˚/s), while the second film (deposited onto the previous one)
is prepared by a slow deposition rate (< 0.6 A˚/s). Usually oxygen (O2) is introduced
into the evaporation chamber when SiO2 is deposited, so that possible evaporated silicon
molecules react with the oxygen before reaching the substrate.
Fig. 2.3: (a) Illustration of the shadow window created by the angular deposition onto the
patterned photoresist. (b) Top-view optical microscope image of a square patterned photoresist
with a SiOx/SiO2 bi-layer deposited on top using the angular e-beam deposition method. The
resulting shadow window is evident.
2.2.2 Atomic Layer Deposition
Atomic layer deposition (ALD) is a deposition technique based on the use of self-
terminating gas-solid reactions. In general, ALD is employed for binary materials because
a binary chemical vapor deposition reaction can be separated into two half-reactions [22].
Monolayers of a binary material can be formed by sequentially pulsing two vapor reac-
tants (or precursors) into the deposition chamber. The first reactant bonds to the sample
surfaces, forming a single saturated layer that does not react with the rest of the vapor
material. The excess of precursor vapor and desorbed products is evacuated (purged)
before the second reactant is pulsed into the chamber. Once pulsed, the second precursor
bonds to the previously deposited layer obtaining a saturated monolayer of a binary ma-
terial. After pumping away the excess of precursor vapor and desorbed products further
monolayers can be prepared repeating cycles of the sequential process.
The inherent self-limiting surface chemistry that occurs during ALD method offers an
attractive feature to produce uniform surface-controlled coating processes. ALD is widely
used for gate dielectric and capacitance memory applications due to its precise thickness
control and the high dielectric constant of the deposited materials. [23, 24]. In this work
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ALD is chosen due to its unique ability to produce uniform coatings on complex three-
dimensional architectures [23,24]. The inner and outer surfaces of microtubes are coated
in a controlled fashion by monolayers of aluminum oxide Al2O3 or hafnium oxide HfO2.
A commercial ALD tool (S100, Cambridge NanoTech Inc.) is used as a postfabrication
deposition method to (i) modify the refractive index of rolled-up microtubes, (ii) increase
their wall thickness and/or (iii) fix previously transferred microtubes to a host substrate.
For Al2O3 films, Trimethylaluminum (TMA) and water vapor are used as sequen-
tial precursors for aluminium and oxygen, respectively. For HfO2 films, Tetrakis -
(dimethylamino) -hafnium(IV) (TDMAH) and water vapor are used as subsequent precur-
sors for hafnium and oxygen. Between each precursor, N2 is injected to purge the chamber.
The deposition parameters for each material follow the company’s specifications [25], while
the final film thickness and refractive index are verified by stylus profilometer and ellip-
sometry measurements, respectively. Additionally, atomic force microscopy is employed
to calibrate the deposition rate per ALD cycle. Values of film thicknesses and refractive
indices will be specified at the corresponding discussion chapter.
2.3 Sacrificial Layer Etching: Rolling-up Strained bi-Layer Films
Once the bi-layer film is deposited onto the substrate with patterned photoresist (sub-
section 2.2.1), the sample is immersed into a liquid solvent medium. This procedure
selectively dissolves the sacrificial layer (photoresist). In this work, acetone is used as the
etching medium since it can etch the used AR-P 3510 photoresist practically with 100
% selectivity [19]. By dissolving the photoresist layer, the released bi-layer film eventu-
ally bends-up and self-assembles into microtubular structures. Alternatively, as detailed
studied in [26], a wrinkle film can be obtained. Fig. 2.4 illustrates the rolling-up process
of microtubes. After rolling, the tube sits on the vertical wall formed by the material
deposited on the side of the sacrificial layer. This feature is important to avoid light
losses to the substrate when the microtube is employed as an optical microcavity.
Fluid turbulence and extremely fast etching rates [27] might cause that some of the
released films of the sample present no rolling or a partial rolling [28]. However, a yield of
complete rolling of nearly 100 % over the entire sample can be achieved by optimization
of the deposition parameters [29,30]. Once the photoresist is dissolved the sample is taken
through a particular drying procedure, which will be described in the next section.
2.4 Critical Point Drying
Critical point drying (CPD) is a process of drying a liquid around its critical point. On the
phase diagram, the critical point occurs at a specific temperature (T) and corresponding
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Fig. 2.4: Illustration of the process where a released bi-layer rolls-up to form a microtubu-
lar structure integrated to the substrate. The shadow window crated by the angular e-beam
deposition facilitates the access of the liquid solvent to the sacrificial (photoresist) layer.
pressure (P) from which no liquid-gas phase boundaries exist. At and beyond this point,
the fluid is in a supercritical region where the density of the liquid and gas phases become
equal. Fig. 2.5 (a) shows the T-P phase diagram for CO2, which has a critical point at
31.1 ◦C and 73.8 bar.
CPD is convenient to dry fragile micro/nano structures since the liquid-to-gas transition
can be performed avoiding surface tension forces, which could damage the structure of
objects featuring small dimensions when a liquid evaporates directly through its liquid-
gas boundary [31]. In this work, a commercial CPD equipment (CPD 030, Bal-Tec) is
used to dry the samples which were kept immersed in the solvent medium after sacrificial
layer etching. The working principle of the CPD equipment is as follow: first, liquid CO2
(at P of ∼ 50 mbar) gradually removes the etching solvent from the drying chamber,
which is pre-cooled to T ∼ 10◦C. Once liquid CO2 completely surrounds the sample, the
temperature and pressure in the chamber rises to bring the liquid CO2 to its supercritical
phase (T of ∼ 40◦C and P of ∼ 80 bar). Finally, the obtained gaseous CO2 is steadily
vented out of the chamber at constant temperature until atmospheric conditions are
reached. The ”ABC” path in Fig. 2.5 (a) illustrates the CPD process for liquid CO2.
The optical image in Fig. 2.5 (b) shows collapsed microtubes after regular air-drying. In
contrast, CPD method preserves the structural integrity of the microtubes, as shown in
Fig. 2.5 (c).
2.5 FDTD Sumulation Method
Finite-difference time-domain (FDTD) is a widely used numerical method to simulate
problems of propagation of electromagnetic waves based on the formalism of Maxwell’s
equations. In the FDTD method, the derivatives in Maxwell’s equations are replaced
with finite differences by spatial and temporal discretization of the electromagnetic field.
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Fig. 2.5: (a) T-P (temperature vs. pressure) phase diagram of CO2. The path ”ABC” depicts a
drying procedure of CO2 through the supercritical region (avoiding the liquid-gas phase bound-
ary). (b) Top-view optical image of ”collapsed” microtubes after drying through the liquid-gas
phase boundary. (c) Top-view optical image of microtubes, with preserved structural geometry,
after drying through the supercritical region. The arrow between (b) and (c) indicates the rolling
direction of the disk-shaped bi-layer. The scale bar in (b) and (c) correspond to 40 µm
Once the initial conditions are given, the time evolution of the spatially discretized elec-
tromagnetic field is calculated, at one time-step into the future, in terms of the field
determined at the previous time-step. Typically, the simulation is performed until the
electromagnetic field vanishes in the simulation region. The FDTD method is convenient
to treat problems where the dimensions of the system of interest are on the order of the
working wavelengths, which fits in the case of the structures (tube wall thicknesses) and
wavelengths considered in this work. Along this thesis, FDTD simulations were employed
to support and complement part of the experimental and analytical results by using a
commercial software (Lumerical Solutions, Inc). Therefore, we do not discuss any fur-
ther details on basic theory, computer algorithm or stability of the FDTD method. An
excellent review on FDTD method can be found in Ref. [32].
In the simulation software, the intrinsic spiral cross-section of the tube wall can imple-
mented, as shown in Fig. 2.6 (a). Thus, the microtube structure can be treated in a
realistic approach. The image correspond to a snapshot of the graphical interface of the
used software. It is worth to notice that only two-dimensional simulations were investi-
gated due to the overwhelming computing power and time that the three-dimensional case
demands, mainly because of the length sizes of the tubes. Still, the results obtained from
the considered two-dimensional case provide valuable information of the light traveling
along the periphery of the tube wall. The simulation region covers the entire cross-section
structure, and perfectly matched layer (PML) boundary condition are implemented for
the simulation borders in order to avoid that the outgoing field reflects back into the
simulation region. The spatial discretization is internally optimized by the software. As
an example, the inset of Fig. 2.6 (a) shows the mesh originated for the structures here
studied. As the light source, here we used a point dipole selecting the polarization state
of light and the wavelength range in which we were interest. This type of source is rec-
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ommended from the software provider to excite modes in optical microcavities [33]. The
time evolution of the field was recorded by a time monitor located in the tube wall (see
Fig. 2.6 (a)). The field profile of the light in the frequency (or wavelength) domain is
collected by a two-dimensional field profile monitor. Figure 2.6 (b) exhibits, as example,
the simulated electrical field profile of an optical mode in a spiral structure, which repre-
sents the cross-section of the microtubular resonators investigated in this work. Concrete
results obtained by FDTD method will be analyzed in further chapters.
Fig. 2.6: (a) Graphical interface of the employed software to simulate the spiral cross-section
of a rolled-up tube (implemented simulation: two-dimensional FDTD). The inset details the
spatial discretization optimized by the used software. (b) Result of the electrical field intensity
for an optical mode confined in a microtube with spiral cross-section by using two-dimensional
FDTD simulations.
2.6 Characterization Methods
This section presents the spectroscopy method employed in this work, which is essential
to characterize the optical modes of rolled-up microcavities. Additionally, this section
introduces the techniques and devices employed to study the refractive indices of the
materials used along this thesis. The tools needed to investigate the physical aspects of
the rolled-up microstructures are mentioned at the end of this section.
2.6.1 Photoluminescence Spectroscopy
Photoluminescence (PL) is an optical spectroscopic method that studies the light-emission
phenomenon from semiconductor or insulator materials as a result of absorption of elec-
tromagnetic radiation. Once a light source excites the sample to a higher energy band,
the sample returns to a lower energy state by re-emission of light, which is emitted at
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longer wavelengths due to non-radiative recombination processes. In this work, the op-
tical resonant modes of the fabricated microtubes are investigated by laser micro-PL
spectroscopy at room temperature. The silicon oxide material of the tube wall exhibits
PL properties and performs as an internal light source of the resonant modes once the
tube is exposed to a laser source [13, 15]. A micro-PL setup is used with excitation
line either at 532 nm (frequency doubled Nd:YVO4 laser) or 442 nm (HeCd laser in a
Renishaw inVia micro-PL setup, illustrated in Fig. 2.7). The pump beam is guided and
focused through a 50X objective lens (spot size of 0.5 µm2) onto a microtube surface.
The emission from the investigated microtube is collected through the same lens, and the
spectrum of the emitted signal is analyzed with an optical spectrometer with a spectral
resolution of 0.02 nm (using a 1200 lines/mm diffraction grating). To study the polar-
ization properties of the optical modes, a motorized rotating half-wave plate (λ/2) and
a fixed linear polarizer (Glan-Thompson) are placed in the PL collection signal. The
half-wave plate rotates the polarization of the emitted light and the linear polarizer at-
tenuates the signal by removing a polarization component of the light (the component
perpendicular to the transmission axis of the polarized). In this way, linearly polarized
transverse magnetic (TM) or transverse electric (TE) modes can be selectively suppressed
(those types of polarization stated are defined in subsection 3.1.2). With the addition of
the polarization setup, closely spaced TM or TE modes are easily resolvable in the PL
spectrum for detailed data analysis.
Fig. 2.7: Schematic diagram of the employed micro photoluminescence spectroscopy setup. The
polarization setup was adapted to study the polarization properties of the optical resonances.
2.6.2 Determination of Refractive Indices
The refractive indices of the deposited films are evaluated by spectroscopic ellipsometry
(SE) [34]. This technique measures the polarization change of linearly polarized light after
reflection from the film under study. The polarization of the reflected light is influenced
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by the film thickness, optical properties of the sample, material anisotropy or surface
roughness, to name a few factors. In SE, the measured data are analyzed by fitting
an optical model to the observed results in a wavelength range. An iterative numerical
algorithm minimizes the error between the SE data and the model by adjusting the
physical parameters of the model. Thus, useful information such as optical functions and
film thickness are determined. In this work, a commercial ellipsometer equipment (EC400
and M-2000F, J.A. Woolam) is used to determine the refractive indices n, extinction
coefficients κ and film thicknesses of the deposited materials, i. e., SiOx, SiO2, Al2O3 and
HfO2. The incident angle of the polarized light is fixed at 70
◦ and the wavelength range
from 400 nm to 800 nm is considered.1
The refractive indices of the liquids used in this work are determined by a commercial
Abbe refractrometer (AR-4D, Mueller Optronic GmbH) with a precision of 1×10−4 RIU.
The working principle of this instrument relays on the critical angle of light, i. e. the angle
required in order to refract incident light [35]. The liquid sample is placed between two
prisms, named illuminating and refracting prisms, which are made of glass with higher
refractive index than that of the liquid under examination. Light enters the liquid from
the illuminating prism and is refracted at the critical angle at the bottom surface of the
refracting prism.
2.6.3 Morphology Characterization
In this work, optical microscopy (Carl Zeiss Inc. and Olympus) with magnification ob-
jectives from 5X to 100X is used to monitor and characterize the physical aspects of
microstructures during and after fabrication. Images obtained by an optical microscope
are typically used for top view analysis of the structures.
Atomic force microscopy (AFM) (DI 3100, Veeco Instruments Inc) is used to measure the
surface roughness of the patterned photoresist polymers, deposited materials and released
films.
Scanning electron microscopy (SEM) is used to obtain high resolution images of the
fabricated microtubes. Tube length, diameter, distance to the substrate and, in some
cases, detailed view of the winding number of the tube wall are the usual information
obtained from the SEM images. Cross-sectional transmission electron microscopy (TEM)
is used to study the structure of the SiOx, SiO2 films.
2
1 The measurements to determine the refractive indices were carried out, together, by GaoShan Huang
and I. Measurements of κ were performed independently by Suwit Kiravitaya and Jens Trommer.
2 AFM measurements by Barbara Eichler and Suwit Kiravittaya. SEM images by Stefan Baunack and
Stefan Harazim. TEM characterization by Darius Pohl.
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3
Theoretical Model of Optical Resonances in
Rolled-up Microtubes
This chapter discusses in some detail the theoretical framework used in this work to model
the optical resonances in rolled-up microtubular cavities. Due to the geometry of their
cross-section, similar to microdisks, microrings, microspheres or microtoroids (i. e. ring-
like cross-section), such structures are often referred as optical ring resonators. Although
theoretical methods for optical modes in ring resonators have been widely investigated,
in our opinion most of the available literature does not offer a clear derivation from the
basic theory, probably due to its simplicity. Here, we show a mathematical model to derive
relevant properties of the optical modes confined in this type of resonators, starting from
Maxwell’s equations. In particular, here are given approximate mathematical relations to
estimate the conditions of confinement of resonant light in ring resonators and to calculate
the wavelength (or energy) for optical resonances with relatively large azimuthal mode
number (> 20), having in mind the experimentally measured wavelengths and structural
dimensions of the tubular optical cavities. The theoretical methods here discussed are
essential for this thesis, giving support and elucidating the experimental results.
3.1 Derivation of the Wave Equation
We adopt a wave description to treat the electromagnetic field in our rolled-up microtube
system. The starting line is to write down the Maxwell’s equations in differential form
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(we adopt the SI unit system [36,37]), as follow
∇ ·D = % (3.1)
∇ ·B = 0 (3.2)
∇× E = −∂B
∂t
(3.3)
∇×H = J + ∂D
∂t
(3.4)
where E is the electrical field, B is the magnetic field, D is the electric displacement, H
is the magnetization field, J is the current density and % is the electric charge density.
The operator nabla∇ assumes different expressions depending on the adopted coordinate
system. Here, we employ either the cartesian or cylindrical coordinate system, depending
on the symmetry of the problem. Thus, any spatial position is determined by r = (x, y, z)
or r = (ρ, θ, z) for the cartesian or for the cylindrical case, respectively.
Maxwell’s equations can be neatly correlated by taking into account some general relations
between the electric and magnetic fields. On the one hand, the two electric vectors (E
and D) are related to each other. On the other hand, the two magnetic vector (B
and M) are related to each other. Their correlation depends on the physical properties
of the material where light is propagating and, in general, is not trivially described by a
simple relationship. For instance, in the case where an anisotropic or nonlinear material is
considered [38]. However, for cases of practical interest and considering a small wavelength
window (∼ 100 nm), the medium is assumed to be linear and isotropic - such as the
materials systems treated in this work. Thus, a simple linear relationship is satisfied
between those field vectors,
D = εE = εrε0E (3.5)
B = µH = µrµ0H (3.6)
The constants ε and µ are the dielectric permittivity and the magnetic permeability of
the medium, respectively. The ratio ε/ε0 = εr is denoted as the dielectric constant of the
medium, and µ/µ0 = µr is denoted as relative permeability of the medium (ε0 and µ0 are
the permittivity and the permeability of free space, respectively).
Our description of the Maxwell’s equations can be simplified since we work with non-
magnetic (µr = 1), non-metallic (J → ∅) and free of electric charge (% = 0) materials.
Moreover, we assume that the electromagnetic field is characterized by monochromatic
waves oscillating at a single angular frequency ω. Thus, the time dependence of the electric
or magnetic field can be expressed as e−iωt. Combining the previous considerations and
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the constitutive relations of the fields (equations (3.5) and (3.6)), the Maxwell’s equations
are rewritten as,
∇ · E = 0 (3.7)
∇ ·B = 0 (3.8)
∇× E = iωB (3.9)
∇×B = −i ω
c2
εrE (3.10)
being c = 1√
ε0µ0
the speed of light in vacuum.1
Inserting equation (3.9) into (3.10), and vice versa, we obtain an equation involving either
E or B,
∇×∇× E = εrω
2
c2
E =⇒ −∇2E = n2k2E (3.11)
∇×∇×B = εrω
2
c2
B =⇒ −∇2B = n2k2B (3.12)
where n denotes the refractive index of the medium (n can be obtained from the ratio
between speed of light in vacuum and the speed of light in the material, thus n =
√
εµ
ε0µ0
=
√
εr), and the parameter k = ω/c = 2pi/λ corresponds to the absolute value of the wave
vector in vacuum (being λ the wavelength of the electromagnetic wave). In deriving the
left side of the last two equations, the vector identity ∇×∇× =∇(∇·)−∇2 was used,
and Eqs. (3.7) and (3.8) were applied.
The equations (3.11) and (3.12) assume the form of the time-independent vector wave
equation (or vector Helmholtz equation), which represent a set of six scalar wave equa-
tions. As shown later in this chapter, the wave equation can be solved by the method
of separation of variables. In the simplest case of an infinite medium, the planar wave
function satisfies the equations (3.11) and (3.12). Thus, the electromagnetic wave at the
position r = (x, y, z) is given by E(r) = E0 e
i nk·r and B(r) = B0 ei nk ·r, where wave vector
k is oriented parallel to the direction of travel of the wave. The parameter nk is defined
as the propagation constant of the wave in the direction r. We will use this concept later
in order to derive the resonance condition of the modes.
It is worth noting that in those equations ((3.11) and (3.12)) the electromagnetic wave
propagates in a region of constant n. The absorption loss of light can be included by defin-
ing a complex refractive index η = n+ iκ, where κ is denoted as the extinction coefficient
and is related to the absorption coefficient αabs = 4piκ/λ. The optical constants n and κ
are usually obtained by the analysis of ellipsometry measurements (subsection 2.6.2).
1 Speed of light is equivalent to speed of the electromagnetic field.
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3.1.1 Boundary Conditions
Before we solve the wave equation for our rolled-up microtubes, in this subsection we
consider the boundary conditions on the field vectors when passing an interface between
two domains. The general form of these conditions are obtained by using (i) the diver-
gence theorem to a differential sized pill-box surface that intersects the interface, and (ii)
Stokes’ theorem to a closed path at the interface, [39] the adopted pill-box surface and the
closed path at the interface are illustrated in Fig. 3.1. In the systems of our interest we
consider two dielectric domains ( 1 and 2 ) in contact and free of surface charge density.
The boundary conditions govern the normal (subscript n) and tangential (subscript t)
components of the field vectors at the interface, thus
D1,n = D2,n (3.13)
B1,n = B2,n (3.14)
E1,t = E2,t (3.15)
B1,t = B2,t (3.16)
Due to the polarization properties of the optical modes discussed in this work (detailed
in the following subsection), the boundary conditions are fulfilled by requiring that the
solutions of the wave equations and its derivative must be continuous at the interface.
Fig. 3.1: Boundary conditions on the electromagnetic field at the interface between two domains
( 1 and 2 ). Un is the unit vector normal to the interface.
3.1.2 Polarization Conditions
Based on the reported experimental results [13–15,40] we assume that the optical modes
are linearly polarized, with the electric vector field either parallel or perpendicular to
the tube axis. It should be remarked that a slightly elliptic polarization was recently
measured in some asymmetric rolled-up tubes [41]. Preliminary interpretation indicates
that an elliptic mode informs about a tilted plane of the trajectory of resonance, in
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contrast to the conventionally pictured circular trajectory; however, the assumption of
linear polarization still results with good agreement with the peak positions of the optical
modes of the microtubes studied in the present work.
In our description, the tube axis is oriented along the z coordinate. Due to the linear
polarization characteristics of the optical modes, they are labelled as purely transverse
magnetic (TM, Bz = 0 in Maxwell’s equations) or transverse electric (TE, Ez = 0 in
Maxwell’s equations). For the TM [TE] polarization, the total electromagnetic field sat-
isfying Maxwell’s equations together with the boundary conditions can be derived from
the Ez [Bz] component. Then, the wave vector equations (Eqs. (3.11) and (3.12)) result
in a single scalar wave equation for the z component,
−∇2Az = n2k2Az (3.17)
where Az is Ez or Bz for the TM or TE case, respectively.
3.2 Solving the Wave Equation
In this section, we discuss the method used to solve the wave equation for dielectric
rolled-up microtubes. The three-dimensional topology of the tube is represented by stack-
ing cross-section slices of the tube, which are obtained at each point along its axis (see
Fig. 3.2). In this way, the treatment of the wave equation can be separated in two parts;
first we will discuss the solutions of a two-dimensional problem, and later combine them
to extract the solutions of the three-dimensional nature of the tube. The two-dimensional
problem corresponds to the tube’s cross-section spiral shape, which in this work is consid-
ered as two coupled slab-waveguides of different thickness - each waveguide represents the
thick or thin region around the tube wall. We will show that the slab approach is valid
for the physical and structural characteristics of the systems here studied by comparing
the solutions obtained from a ring approach of the tube’s cross-section.
3.2.1 Tube’s Cross-Section Treatment
As a first approach, the tube’s cross section can be represented as a ring with refractive
index nT and wall thickness T = r2 − r1, where r1 and r2 correspond to the internal and
external radius of the ring, respectively. An alternative approach is to consider a thin slab
waveguide with length L = 2pir, where r is the mean radius of the ring r = (r1 + r2)/2.
An illustration for both approaches is shown in Fig. 3.2.
The slab waveguide resembles the ring structure by requiring a special boundary condi-
tion along the y axis, so that it matches the resonance condition in the case where the
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Fig. 3.2: The spiral cross-section of a rolled-up microtube might be treated as a slab (with the
proper boundary conditions) or as a ring. The refractive index of the tube core, tube wall and
medium outside the tube wall is represented by nc, nT and n0, respectively.
ring is closed. An evident consequence of the slab approach is that the curvature of the
microtubes is neglected, simplifying the analytical equations. At this stage we are con-
sidering a two-dimensional problem, therefore the z component of the operator ∇ in the
wave equation is taken as ∂
∂z
= 0.
3.2.2 Slab Approximation
The cartesian coordinate system is appropriate to treat the slab geometry. Since the
wave equation is a linear partial differential equation, a very useful technique to solve
such type of equation is the method of separation of variables. Such method search for
solutions written as the product of functions of the individual independent variables.
In fact, this method was already used when we adopted the time dependence of the
electromagnetic field as A(r, t) = A(r)e−iωt. For the wave equation (3.17), we seek for
solutions Az(x, y)=F (x)G(y). Thus, operating on Az we have
−G(y)d
2F (x)
dx2
− F (x)d
2G(y)
dy2
= n2k2F (x)G(y)
Then, dividing by F (x)G(y) and taking into account that in this case n varies only in the
x direction, the previous equation can be written as
− 1
F
d2F
dx2
− n2k2 = 1
G
d2G
dy2
(3.18)
where the dependence on the variables x and y are effectively separated. The above
equation can be separated into two equations by relating each side to a constant −β2,
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which is chosen squared for convenience in the resulting solutions. Then,
d2G
dy2
= −β2G (3.19)
and
d2F
dx2
= −(n2k2 − β2)F (3.20)
The solution of Eq. (3.19) corresponds to an oscillating function in the y direction
G(y) = eiβy (3.21)
Since the y direction emulates the azimuthal direction of the ring, the boundary condition
requires that G(0) = G(2pir), or that β should satisfy
β = m/r (3.22)
where m takes integer values and will be referred from now on as the azimuthal mode
number. The value of m is related to the number of antinodes of the resonant wavelength;
i. e. 2m =antinodes of the wave. It is worth noting that m is two-fold degenerated, it takes
simultaneously positive and negative m, indicating that the wave equivalent propagates
left-to-right and vice versa. The parameter β is the propagation constant in the y direction
and is related to k by the equation
β = neff k =⇒ mλ = neffL (3.23)
where neff is the effective refractive index perceived by the electromagnetic wave during
its propagation along y. Later in this chapter we will discuss a method to calculate neff .
Equation (3.23) is a simple and elegant resonant condition where an integer number m
of the resonant wavelength λ is directly related to the characteristics of the resonator
system, i. e. the refractive indices nT , nc and n0, represented in neff , and the structural
dimension of the resonator L. In general, L is the optical path of the resonant light,
being in this case equal to the perimeter of the tube wall. For this reason, this type of
resonances are called whispering gallery modes. As shown in further chapters, the above
resonant condition is a very useful tool to examine the experimental data of the resonant
modes.
Returning to the Eq. (3.20), the function F (x) satisfying that equation depends on the
region where the electromagnetic field propagates. Inside the tube wall, where the mode
is confined, we assume an oscillating function; outside the tube wall we require a decaying
function. Therefore, F (x) can be expressed as
F (x) =

cos(ν) exp (−δx) for x > 0
cos(γx+ ν) for 0 > x > −T
cos(ν − γT ) exp (σ(x+ T )) for x 6 −T
(3.24)
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where δ =
√
β2 − n2ck2, γ =
√
n2Tk
2 − β2 and σ =
√
β2 − n20k2 can be referred as an
effective wavenumber along each region in the x direction. The phase constant ν ensures
a general solution. In general, in order to get modes confined in the slab its refractive
index must be higher than that of the core and external medium, i. e. nT > nc, n0. Here
we work with systems where nc > n0, thus from the equations for γ, σ and δ, the following
condition should be satisfied: nT > β/k > nc. The dimensionless parameter β/k is related
to a refractive index, which is in fact neff (see Eq. (3.23)).
In Eq. (3.24), the function F (x) is written so that it satisfies the boundary conditions of
being continuous at the surfaces x = 0 and x = −T . There is an additional boundary
condition on F (x) concerning the polarization of the mode. Then, the final solution of
F (x) is obtained depending on the considered polarization: TM or TE polarization.
TM mode
For TM polarization Az = F (x)G(y) ≡ Ez. The non-zero components of the electromag-
netic field are Ez, Bx and By. The boundary conditions (see subsection 3.1.1) establish
special requirements on the electromagnetic fields to be continuous at the surface’ bor-
ders. On one hand, since F (x) and G(y) already satisfy the boundary conditions, then
Ez(x, y) is continuous. On the other hand, from Eq. (3.9) one can get that Bx = − ick ∂Ez∂y
and By =
i
ck
∂Ez
∂x
. The component Bx satisfies directly the boundary conditions. However,
By needs dF/dx to be continuous at the surfaces x = 0 and x = −T . The component By
is
By(x, y) = e
iβy i
ck

−δ cos(ν) exp (−δx) for x > 0
−γ sin(γx+ ν) for 0 > x > −T
σ cos(ν − γT ) exp (σ(x+ T )) for x 6 −T
(3.25)
The boundary condition at x = 0 and x = −T leads to a homogeneous linear system,
γ sin(ν)− δ cos(ν) = 0 (3.26)
[σ sin(γT ) + γ cos(γT )] sin(ν) + [σ cos(γT )− γ sin(γT )] cos(ν) = 0 (3.27)
which only have non-trivial solutions if the system’s determinant vanishes, resulting in
the condition
tan(γT ) =
γ(δ + σ)
γ2 − δσ (3.28)
The last equation is a type of transcendent function which cannot be solved analytically
and need to be solved numerically, as we will show later in this chapter. Before that,
we will discuss the case of the other polarization mode observed in rolled-up optical
resonators.
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TE mode
For TE polarization case Az = F (x)G(y) ≡ Bz. The non-zero components of the elec-
tromagnetic field are Bz, Ex and Ey. Since F and G are continuous functions, then Bz
is continuous. The non-zero components of the electric field can be deducted from Bz
by using Eq. (3.10): Ex =
i c
k n2
∂Bz
∂y
and Ey = − i ck n2 ∂Bz∂x . The component Ex involves
∂Bz/∂y ≡ F dG/dy = iβBz, which is continuous, and therefore boundary condition for
the electric displacement, Eq. (3.13), is satisfied. On the contrary, Ey is not directly
continuous by derivation of Bz (dBz/dx), since
Ey(x, y) = e
iβy i c
k

δ
n2c
cos(ν) exp (−δx) for x > 0
γ
n2T
sin(γx+ ν) for 0 > x > −T
− σ
n20
cos(ν − γT ) exp (σ(x+ T )) for x 6 −T
(3.29)
The component Ey should be continuous at the interface borders, Eq. (3.15). Then, the
continuity at x = 0 and x = −T leads to the following homogeneous linear system of
equations,
γ
n2T
sin(ν)− δ
n2c
cos(ν) = 0 (3.30)
[
σ
n20
sin(γT ) +
γ
n2T
cos(γT )] sin(ν) + [
σ
n20
cos(γT )− γ
n2T
sin(γT )] cos(ν) = 0 (3.31)
which only have non-trivial solutions if the system’s determinant vanishes, resulting in
the condition
tan(γT ) =
γ
n2T
(
δ
n2c
+
σ
n20
)
(
γ
n2T
)2
− δ σ
n2c n
2
0
(3.32)
As in the analysis for the TM modes, the mathematical relation to find the resonant
wavelengths corresponds to a transcendent function that needs to be solved numerically.
Later we will show solutions of Eqs. (3.28) and (3.32); but first, an alternative way to
describe the cross section of the tube will be discussed.
3.2.3 Ring Approximation
The solutions of a ring approach of the tube’s cross-section will be presented avoiding
several mathematical steps to facilitate the discussion. In addition, in this work the aim
of using the ring approach is to support the results obtained with the slab method. Due to
the symmetry of the ring, the cylindrical coordinate system is appropriate to be employed.
For the wave equation (3.17), we seek for solutions of the type Az(ρ, θ)=R(ρ)Φ(θ). Similar
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to the slab case, the wave equation can be separated into two equations (see Eq. (3.18));
however, in this case each equation either depends on the ρ or θ variable, as follows
d2Φ
dθ2
= −m2Φ (3.33)
and
d2R
dρ2
+
1
ρ
dR
dρ
+
(
n2k2 − m
2
ρ2
)
R = 0 (3.34)
The solution of Eq. (3.33) is satisfied by the function Φ(θ) = eimθ. The periodicity
condition on the azimuthal direction, i. e. Φ(θ) = Φ(θ + 2ppi) for p integer, requires that
the azimuthal mode number m = p or m = · · · ,−1, 0, 1, · · · .
The equation (3.34) corresponds to the type of Bessel differential equation, and the solu-
tions to this equation define the Bessel functions [42, 43]. Due to the different regions of
the ring, the finite valued solutions are written as
R =

AJm(kncρ) for ρ 6 r1
BJm(knTρ) + CHm(knTρ) for r1 > ρ 6 r2
DHm(kn0ρ) for x > r1
(3.35)
where Jm and Hm are the mth Bessel functions of the first and third kind, respectively. nc,
nT , and n0 represent the refractive indices of the ring core, ring wall, and the surrounding
medium. The parameters r1 and r2 are the inner and outer radius of the ring. The
coefficients A, B, C and D are determined depending on the boundary conditions and the
polarization of the mode.
TM mode
For TM polarization Az(ρ, θ)=R(ρ)Φ(θ) ≡ Ez. The non-zero components of the electro-
magnetic field are Ez, Bρ and Bθ. The non-zero components of the magnetic field can
be deducted from Ez by using Eq. (3.9): Bρ = − ick 1ρ ∂Ez∂θ and Bθ = ick ∂Ez∂ρ . The boundary
conditions for the TM polarization require that Ez and its derivatives, which relates the
magnetic field, to be continuous at the edges of the ring: ρ = r1 and ρ = r2. Therefore,
we get the condition
(
JT,1
Jc,1
− nT
nc
J ′T,1
J ′c,1
)(
HT,2
H0,2
− nT
n0
H ′T,2
H ′0,2
)
=
(
HT,1
Jc,1
− nT
nc
H ′T,1
J ′c,1
)(
JT,2
H0,2
− nT
n0
J ′T,2
H ′0,2
)
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where the two subscripts of each Bessel function correspond to the refractive index and
radius where the function is evaluated. For instance, when the subscripts are T and 1,
i. e. JT,1, then it is referred to Jm(knT r1). The notation
′ refers to the derivative of the
function respect to the entire argument, i. e. J ′c,1 =
dJm(kncρ)
d(kncρ)
|ρ=r1 . However, there is an
usual property that relates Bessel functions with its first derivative, J ′m = (Jm−1−Jm+1)/2
and H ′m = (Hm−1 −Hm+1)/2.
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TE mode
For TE polarization Az(ρ, θ)=R(ρ)Φ(θ) ≡ Bz. The non-zero components of the electro-
magnetic field are Bz, Eρ and Eθ. The last two components can be deducted from Bz
by using Eq. (3.10): Eρ =
i c
k n2
1
ρ
∂Bz
∂θ
and Eθ = − i ck n2 ∂Bz∂ρ . The component Eρ involves the
derivative ∂Bz
∂θ
which is proportional to Bz (
∂Bz
∂θ
= imBz), and since Bz is continuous at
the edges of the ring (i. e. at ρ = r1 and ρ = r2) therefore the boundary condition for the
electric displacement (n2Eρ), Eq. (3.13), is satisfied. However, Eθ is not directly continu-
ous by derivation of Bz (
∂Bz
∂ρ
), then the boundary condition for the tangential component
of the electric field (Eq. (3.16)) is not fulfilled. Requiring Eθ to be continuous leads to
the following transcendent equation
(
JT,1
Jc,1
− nc
nT
J ′T,1
J ′c,1
)(
HT,2
H0,2
− n0
nT
H ′T,2
H ′0,2
)
=
(
HT,1
Jc,1
− nc
nT
H ′T,1
J ′c,1
)(
JT,2
H0,2
− n0
nT
J ′T,2
H ′0,2
)
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A similar equation was obtained for the case of TM polarization, where one observes that
they are distinguished by the fractions which involves the refractive indices. The notation
used in Eq. (3.36) to describe the Bessel functions are maintained in this case.
Two remarks can be made at this stage to describe the characteristics of the solutions
of Eqs. (3.36) and (3.37). First, the solutions of those equations are complex k values.
The real part of k account on the resonant energy Eres = ~ckres (or resonant wavelength
λres = 2pi/kres). The imaginary part is related to the losses, usually referred to bending
or radiative losses which are originated due to the curvature of the ring. It should be
mentioned that detailed loss contribution will be discussed in a further chapter. Second,
there are several values of k for a fix m. Each solution k for a given m is labelled with
an integer number η in ascending order: η = 1 for the lowest k, η = 2 for the second
lowest k, and so on. η is referred as the radial mode number and indicates the number of
antinodes in the radial direction. Hence, a particular k has a radial and azimuthal mode
number: k ≡ km,η. However, for the typical ring geometries employed in this work, only
the lowest radial mode η = 1 is confined and therefore we associate a single k with a given
m. In the next subsection, we are going to compare the results given by the slab and a
ring approach.
3.2.4 Computation of the resonant wavelengths
A graphical method to qualitatively localize the resonant wavelength using the slab ap-
proach is shown in Fig. 3.3. As an example, the TM case is employed where the left and
right side of the transcendental equation Eq. (3.28) is represented by the function u(λ)
and w(λ), respectively. The parameters used for the plot in Fig. 3.3 are: slab length
L = 2pir = 8pi µm, thickness T = 100 nm, refractive indices nT = 1.6 and nc = 1.0 = n0
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(nt > nc = n0), and mode number m = 50. From Eq. (3.24), one can deduct that the
parameters γ, σ and δ require that the resonant wavelength should satisfy the condition
(L/m)nT > λ > (L/m)nc. In practice, the wavelength range is found delimited by the
asymptotes a1 =
L
m
nT√
1+(L/4mT )2
and a2 =
L
m
√
n2c+n
2
T
2
(see Fig. 3.3), which corresponds to
the case when u(λ) → ∞ and w(λ) → ∞, i. e. γT = pi/2 and γ2 = σδ, respectively.
Graphically, the resonant wavelength occurs at the crossing point of u(λ) and w(λ).
Fig. 3.3: Graphical method to find the resonant wavelength (TM case) for a slab waveguide for
a given mode number m. The function u(λ) and w(λ) represents the left and right side of the
transcendental equation Eq. (3.28), respectively. As the u(λ) → ∞ and w(λ) → ∞, the curves
aproaches to the asymptotes a1 and a2.
Numerically, the exact solutions are obtained by searching for the zeros of the relation
u(λ) − w(λ) = 0. On the one hand, using the equations obtained for the TM case,
i. e. Eq. (3.28) for the slab and Eq. (3.36) for the ring approach, the results are plot-
ted in Fig. 3.4 (a). On the other hand, the equations obtained for the TE case, i. e.
Eq. (3.32) for the slab and Eq. (3.37) for the ring approach, are used to plot the results
of Fig. 3.4 (b). For several azimuthal mode numbers m, the calculated resonant wave-
lengths and wavenumbers, normalized respect to the tube wall thickness, are plotted.
Three different tube dimensions were considered as example, r/T = 20, 40 and 60, taking
into account the wall thicknesses used in this work T = 70–100 for microtubes with small
radius r = 2–5 µm, and T = 100–200 for microtubes with big radius r = 5–8 µm. For
simplicity we assumed a non-dispersive material (constant nT ) for the tube wall, with
a value nT = 1.6 similar to the refractive index of the materials used in this work. Fi-
nally, we considered that the tube was in air, i. e. equal medium for the tube core and
surrounding the tube nc = 1.0 = n0.
A consistent agreement among the calculations obtained with the slab and ring approach
is observed. This correspondence occurs due to the relative large mode numbers and big
tube radius respect to the working wavelength range of the optical resonator. In this
way, the ring approach validates the adopted slab method, which results in much simpler
transcendent equations. Moreover, as shown later in this chapter, the cross-section spiral
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Fig. 3.4: Calculated TM (a) and TE (b) solutions of the resonant modes for several azimuthal
mode numbers m, using the slab (black squares) and ring (red circles) treatment of the cross-
section of a microtube resonator. To plot a general solution, the resonant wavelengths (or
wavenumber) are normalized respect to the tube wall thickness (T ). Three values for tube
radius/wall thickness (r/T ) are considered, covering the dimensions of the tubes discussed in
this work.
shape of the microtube can easily be implemented using the slab approach.
3.2.5 Effective Refractive Index
The effective refractive index neff of the system composed by the tube wall, core medium
and surrounding medium is calculated by treating the wave equation as an eigenvalue
problem. As shown in Fig. 3.5, a small piece of the cross-section of the tube wall can
be considered as a slab structure. It is worth noting that in the discussion of the slab
waveguide (subsection 3.2.2) we solved the equations for a system with constant n, and
the borders of the slab were contemplated during the boundary conditions analysis. Here,
the variation of the refractive index along the x−direction is taken into account from
Maxwell’s equations (Eqs. (3.7)- (3.10)). Thus, the wave equation for the slab structure
is separately written for the TM and TE case, which is respectively given by(
d2
dx2
+ (n(x) k)2
)
F (x) = (neff k)
2F (x) (3.38)
and (
n2(x)
d
dx
(
1
n2(x)
d
dx
)
+ (n(x) k)2
)
F (x) = (neff k)
2F (x) (3.39)
where the term neff k is the propagation constant along the y-direction. Eqs. (3.38)
and (3.39) can be treated as an eigenvalue problem, MF = ξF, after employing spatial
discretization (see Appendix A.1). The maximum eigenvalue ξ is related to the effective
refractive index at the wavelength λ. For the systems here considered, the following
30 3. Theoretical Model of Optical Resonances in Rolled-up Microtubes
Fig. 3.5: Illustration of the refractive indices of the tube wall (nT > nc > n0) and its sur-
rounding media (nc and n0). As an example, the variation of the refractive index profile of the
system is indicated (n(x)), where the value of the effective refractive index (neff ) of the system
is represented by the red dashed line. In general, nT is an averaged value since the tube wall
consist in several layers, each with its own refractive index ni and thickness Ti.
condition should be satisfied, nT > neff > nc (see subsection 3.2.2). The refractive indices
profile along the x-axis is illustrated in Fig. 3.5.
In Eqs. (3.38) and (3.39) the refractive index along the x−direction can be divided in
three segments,
n(x) =

nc Tube Core, x > 0
nT Tube Wall, 0 > x > −T
n0 Surrounding, x 6 −T
(3.40)
As shown in Fig. 3.5, the tube wall consists of N -layers with thicknesses TA, TB · · ·TN , and
respective refractive indices nA, nB · · ·nN . An equivalent tube wall can be represented
by a slab with thickness T =
∑
Tj and average refractive index nT . For the TM and TE
case, nT is calculated using the following equations obtained by perturbation theory [44],
(nT ; TM)
2 =
∑
n2j Tj
T
(3.41)
and
1
(nT ; TE)2
=
∑ 1
n2j
Tj
T
(3.42)
3.2.6 Coupled Slabs
The spiral cross-section shape of a rolled-up microtube can be simulated by using two
coupled slab waveguides, as illustrated in the sequence of Fig. 3.6. The length, thickness
and effective refractive index of each slab depends on the winding number of the tube
wall, which rarely exhibits integer values. In the Appendix A.2 we derive a formula to
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calculate the winding number of the tube wall as well as a method to compute the length
of each slab. We label the thick and thin region of the tube wall with the numbers
1 and 2, respectively. The solutions of each slab in the y-direction have the form (see
Eq. (3.21)): Gj(y) = Aj exp(iβj y) = Aj exp(ineff ;jk y), with j = 1, 2 (βj = neff ;jk). We
note that the same wavelength (or k) propagates along the coupled system, and only the
amplitude of the wave Aj changes. The coupling conditions require that G1(0) =G2(L)
and G1(L1)=G2(L1), as a result we get, exp(i(neff ;1L1 + neff ;2L2)k)=1 or
neff ;1L1
λ
+
neff ;2L2
λ
= m (3.43)
where m is azimuthal mode number and assumes integer values. Eq. (3.43) is the resonant
condition for the coupled system, and by using Eq. (3.23) one can deduct that the effective
index of the coupled problem n˜eff is given by: n˜eff = neff ;1
L1
L
+ neff ;2
L2
L
. The propagation
constant of the coupled system β˜ is obtained from Eq. (3.43) and is written as
β˜ = β1
L1
L
+ β2
L2
L
= 2pi
m
L
(3.44)
Fig. 3.6: Sequence of sketches showing how the spiral cross-section of a rolled-up microtube
is treated. The thick and thin section of the spiral are assumed as two coupled slabs with
different thicknesses and, therefore, different effective refractive indices (here T1 > T2, thus
neff ;1 > neff ;2). In the last sketch, a mode confined in the coupled slabs is illustrated as an
example.
3.2.7 Three Dimensional Treatment
In the beginning of this section we stated that the three-dimensional (3D) treatment of
the tube is done by stacking its cross-section slices at each point along its axis z. The
two-dimensional problem described in the previous subsections paves the way to the 3D
modelling. Here we follow the method presented in Ref. [45]. The z-component of the
linearly polarized electromagnetic wave Az can be approximated as a product of the axial
field Ψ(z) and the cross-section field Φ(ρ, θ) component (at each z position, symbolized
by ; z), i. e. Az(ρ, θ, z) = Φ(ρ, θ; z)Ψ(z). Thus, the scalar wave equation (Eq. (3.17))
is separated into two equations, one for the circular propagation and another one for
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the axial propagation. The fields in the cross-section plane are required to satisfy a two
dimensional wave equation for each z position,
− 1
n2(z)
∇2ρ,θΦ(ρ, θ; z) = k2ax(z)Φ(ρ, θ; z) (3.45)
where kax is the absolute value of the wave-vector propagation in the ρ − θ plane. The
axial propagation is given by,
− 1
n2(z)
d2
dz2
Ψ(z) + k2ax(z)Ψ(z) = k
2Ψ(z) (3.46)
We recognize in both equations that the term kax act as a coupling term between the cir-
cular and axial propagation. Equation (3.46) is referred as a photonic quasi-Schro¨dinger
equation, where kax represents an axial confinement potential on the propagation of light.
Contrary to the original time-independent Schro¨dinger equation, the equivalent eigenen-
ergies k2 and the potential k2ax occur squared in the photonic quasi-Schro¨dinger equation.
In order to solve Eq. (3.46) kax must be explicitly derived from Eq. (3.45). As discussed
in the previous section, the spiral cross-section of the tube wall is regarded as two coupled
slab waveguides. All variations of the tube geometry along its axis are taken into account
and therefore determine the final shape of the potential kax(z). The two-dimensional
problem of a single slab was solved in subsection 3.2.2 (Eqs. (3.18)-(3.24)). For the
coupled case, one should note the change in notation: k → kax, β → β˜ = m/r (see
discussion of Eq. (3.44)) and n → n = n1L1L + n2L2L , where n1 and n2 is the average
refractive index of the the thick and thin region of the tube wall. It is interesting to
observe that kax depends on m, i. e. it does not adopt the same values for every resonant
mode and therefore is wavelength dependent. Results on the axial potential for some
specific tube geometry will be discussed in a further chapter.
Once kax is obtained, Eq. (3.46) is solved numerically by spatial discretization. The z
direction is divided in q points, each of them with a respective ni, kax(i) and Ψi. Thus,
Eq. (3.46) can be written as
−Ψi+1 + 2Ψi −Ψi−1
n2i h
2
+ k2ax(i)Ψi = k
2Ψi
where h = zi+1 − zi is the step size and i = 1 · · · q. The previous equation is then ex-
pressed in matrix form resulting in an eigenvalue problem. In this notation, the axial
field distribution Ψ(z) is conformed by the q values Ψi of the eigenvectors. After diago-
nalization with a commercial numerical eigenvalue solver (e. g. ARPACK in MATLAB)
the resonant wavelength λm,j and axial field Ψ(z)m,j are determined for each axial mode
index j at the assumed mode index m. The corresponding wavelengths of the modes are
derived from the eigenenergies, k2, and using the relation between the wave vector and
wavelength k = 2pi/λ. Alternatively, the solutions can be written in electron volt (eV)
units by multiplying k by the reduced Planck constant ~ and the speed of light in vacuum
c, and dividing the result by the electron charge e, i. e. resonant energy (eV)= k ~ c/e.
4
Optical Modes in Silicon-Oxide-Based
Rolled-up Microtubes
This chapter discusses the experimental results of optical resonances confined in rolled-up
microtubular cavities, which are fabricated using silicon-oxide bi-layers. Particularly, the
present chapter focuses on the characterization of optical modes originating from light
interfering constructively along the periphery of rolled-up microtubes, i. e. along their
azimuthal direction. This chapter also discusses the influence of the structural variations
of the microtubes (number of rotations of the tube wall along its main axis) on the
resonant wavelength of the optical modes. Two methods are investigated to effectively
control and tune the resonant wavelength of the confined optical modes. In addition,
optical loss effects and polarization properties of the optical modes are studied. Computer
simulations as well as results from mathematical equations (derived from the theoretical
model presented in last chapter) are applied to confront and support the analysis of the
experimental observations.
4.1 Silicon-Oxide-Based Microtubes
A bi-layer with an intrinsic strain can be used to form rolled-up microtubes. In this
case, the strained bi-layer consist of SiOx/SiO2 deposited onto a patterned photoresist
by e-beam evaporation employing angled deposition method, as described in chapter 2.
The previous processes, classified as top-down methods (i. e. Lithography, photoresist,
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as well as e-beam deposition), are complemented with a bottom-up approach to form
the microtubular structures. The so called bottom-up approach is based on a rolling-up
process of the deposited bi-layer, which self-form microstructures after selective dissolving
the photoresist pattern.
Fig. 4.1: a) Illustration of an array of tubular microstructures, fabricated within the same
fabrication process using the rolled-up nanotech. b) SEM image of microtubes rolled-up from
square patterned SiOx/SiO2 bi-layer
Merging the advantages of top-down and bottom-up processes is one of the main features of
the rolled-up nanotech. This technology enables an elegant and simple approach to simul-
taneously fabricate complex three-dimensional micro/nanostructures in an unprecedented
large scale [19, 30]. Moreover, their structural characteristics can be precisely controlled
by the rolled-up nanotech.
In this work, this technology is employed to obtain tubular silicon-oxide-based optical
microcavities. Array of microtubes can be efficiently obtained within the same fabrication
process, as illustrated in Fig. 4.1 (a). If required, specific positions of microtubes on the
substrate can be engineered where the amount of tubes and separation between them
can be controlled by defining the distribution of the sacrificial photoresist patterns on
the substrate. As an example, Fig. 4.1 (b) depicts a SEM image of several silicon oxide
microtubes self-assembled from square patterned bi-layers.
As mentioned in section 2.2, the employed angle-deposition method sets a shadow window
which will define the rolling edge of the deposited bi-layer. In some cases, however, several
patterned bi-layer might present partial-rolling, or rolling in a perpendicular or oblique
direction with respect to the defined rolling edge, and even the membrane might be
sheared off the substrate. Such results, reported in detail elsewhere [28], are mainly
attributed to fluid turbulence during the liquid etching process, which is challenging to
control. Nevertheless, the deposition parameters can be better controlled and monitored
to optimize the strain in the bi-layer in order to overcome the liquid turbulence forces. In
this way a yield of nearly 100 % of complete rolling in the defined direction and over the
entire sample can be achieved [29,30]. For the present work, the main concern during the
fabrication process is to obtain rolled-up microtubes which can support optical resonances
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and control the structural dimensions of the microtubes.
Detailed investigations have been addressed to determine the physical parameters which
influences the tube diameter, concluding that the layer thickness, strain, and the elasticity
of the deposited materials play a main roll [19,46–48]. Diameter scaling for silicon oxide-
based microtubes has already been systematically studied [29].
In a pragmatic manner, the tube diameter can be a priori tuned by changing the layer
thickness, while the number of rotations of the tube wall can be controlled by the sacrificial
layer size and shape. Figure 4.2 (a) shows a controllable incrementation of the microtube
diameter as the SiOx/SiO2 bi-layer thickness increases. The bi-layer is deposited with a
thickness ratio of 1:4, and a square patterned photoresist array was used. In this case
glass is selected as substrate, in contrast to the usually employed Si substrate [15,19,30].
The transparency of glass is advantageous due to its compatibility with biological analysis
systems,1 e. g. inverted microscope. Moreover, for a lab-on-chip liquid sensing applications
(discussed in Chapter 6), the transparency of the glass substrate is crucial for the chip
operation. In the next section the optical modes of rolled-up microtubes will be discussed.
4.2 Optical Modes in Rolled-up Microtubes
The optical properties of the fabricated silicon-based rolled-up microtubes are investi-
gated by PL spectroscopy at room temperature with an excitation line at 532 nm (20
µW) (details of the PL setup in Subsection 2.6.1) 2. Figure 4.2 (b) displays four charac-
teristic PL spectra collected from tubes with bi-layer thickness and diameter indicated
in Fig. 4.2 (a). A mutual feature among those spectra is the sequence of peaks super-
imposed on a broad background, which arise from the PL emission of defect centers in
the silicon oxide material of the tube wall [49–51]. Those peaks are ascribed to optical
modes (or optical resonances) originating from light of specific wavelengths circulating
and interfering constructively in the tube wall by means of total internal reflection at
the external wall boundary [13,15,30,40]. This type of optical mode, particularly named
as whispering gallery mode (WGM), is confined in optical microcavities with circular
symmetry [2]. When the tube wall is thin enough, light losses are expected to increase.
In this case, light diffraction can dominate the mode propagation in the tube wall and
the optical modes becomes practically unobservable or, in other words, weakly confined.
The effect of the wall thickness on an efficient mode confinement will be systematically
discussed in a further subsection; however, this effect can already be distinguished in Fig.
4.2 (b), where a thinner tube wall presents weaker peak intensity. In Fig. 4.2 (b) one
1 Transparency refers to light transmission in the visible range of the electromagnetic spectrum.
2 The results discussed in this section are part of a published work carried out at the IIN-Dresden [40].
My contribution to this paper covered the entire experimental preparation and measurement of the
samples, discussion and analysis of the results, and writing process of the manuscript.
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can note that very weak modes, or no modes at all, can be resolved when the bi-layer
thickness is thinner than 27 nm. To ensure that the tube wall is thicker for tubes formed
from a thicker bi-layer, we selected microtubes with similar number of wall windings. In
this case about 2 rotations, which can be estimated by equation (A.4). Thus, to bear
a comparable wall windings, the tubes with bigger diameters are selected from a bigger
bi-layer (pattern size) than the tubes with smaller diameters.
Fig. 4.2: (a) Microtube diameter as a function of the thickness of SiOx/SiO2 bi-layer. The
inset shows an array of rolled-up microtubes fabricated on a transparent glass substrate. (b)
PL spectra for microtubes with different wall thicknesses (from (a)). The FSR decreases as the
tube diameter increases.
The distribution of the resonant modes in the PL spectrum provides a type of optical
fingerprint, which is directly related to the physical dimensions and refractive index values
of the microtube [14,30]. For instance, in Fig. 4.2 (b) one can easily observe that a larger
tube diameter (i. e. a larger cavity length) leads to a smaller FSR. The FSR is defined as
the mode spacing between two adjacent resonant peaks. This effect can be deducted from
the resonance condition (Eq. (3.23)) mλ = neffL, where neff is the effective refractive
index of the system, L is the tube circumference, m is the azimuthal mode number, and
λ is the wavelength corresponding to the mode number. Thus the FSR can be calculated
by
FSR = λm − λm+1 = λ
2
m
neff L+ λm
(4.1)
As a qualitative example, in the case where two tubes with equal neff and resonant
wavelength λm but different L (or tube diameter), the FSR for the tube with smaller
diameter is larger with respect to the tube with bigger diameter.
An intuitive statement on the characteristic of the optical modes can be extracted in an
elegant manner from Eq. (4.1): changes in the cavity length of the microtube (changing
L) or changes of the medium surrounding the tube (changing neff ) will result in a different
mode distribution. The latter case can systematically be performed and the change in
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mode distribution can be monitored, providing an interesting platform for sensing and
detection purposes, which will be explored in future sections and chapters.
Fig. 4.3: PL spectra of a silicon oxide bi-layer on substrate (lower curve) and a silicon oxide
bi-layer, which rolled-up to form a microtube optical resonator (upper curve).
Before moving to further characterization results, a final discussion can be done on the
origin of the optical modes. An experimental approach to confirm that the sequence of
peaks in the PL spectrum in fact corresponds to optical modes is shown in Fig. 4.3. If
instead of optical modes those peaks were an intrinsic characteristic of the PL spectrum
of the bi-layer, one should observe them in the case when the bi-layer is not rolled-up
into a tubular structure. However, peaks are uniquely observed when the bi-layer adopts
a closed loop shape where light can circulate and resonate at certain wavelengths. As
shown in following sections, the interpretation of the peaks as optical modes is supported
by a theoretical model and computer simulations.
4.2.1 Light Losses Mechanisms in Rolled-up Microtubes
The quality factor (Q) is a parameter frequently used to characterize optical microcavities.
The ability of a cavity to efficiently confine resonant modes is represented in Q, resulting
in a finite value due to several losses mechanisms which attenuate the energy of the modes
over time. A practical equation is often employed to estimate the quality factor: Q =
λ/∆λ, where λ is the wavelength of a selected resonant peak and ∆λ is the correspondent
line width of the peak; both derived from the PL spectrum. In the Appendix A.3 we
give a brief overview on the derivation of the simple, yet elegant, equation for Q. In
the Appendix we see that each peak of the PL spectrum must be fitted by a Lorentzian
curve in order to compute the Q of each optical mode. As an example, Fig. 4.4 (a) plots
the respective Q values for several resonant peaks in a relatively wide wavelength range.
The blue curve in the figure corresponds to the background-subtracted PL spectrum of
38 4. Optical Modes in Silicon-Oxide-Based Rolled-up Microtubes
the black spectrum shown in Fig. 4.3, which is measured on an optical microtube rolled-
up from a squared patterned silicon-based bi-layer. Quality factors of few hundreds are
obtained for this particular tube, values relatively low for optical microcavities [2]. The
Q can be enhanced by identifying and avoiding the principal losses mechanisms, we will
explore this task in following chapters. For the moment, an interesting effect observed in
Fig. 4.4 (a) can be highlighted. In the figure we obtain a decrease of Q as the wavelength
increases, a phenomenon attributed to light absorption losses, as will be discussed below.
Fig. 4.4: ((a) Background-subtracted PL spectrum (lower curve) of a rolled-up microtube
cavity and the respective Q values (upper data) for the resolved optical modes. (b) SEM image
of a rolled-up microtube, where its inherent inner notch is evinced (scale bar 200 nm). (c) SEM
image of the cross-section of a rolled-up microtube, where an interlayer void in the tube wall is
observed (scale bar 2 µm). SEM images by S. Baunack and L. Ma, members of IIN Dresden.
Understanding each loss mechanism that limits the Q value is not trivial because Q
depends upon many external contributions and can dramatically change depending on the
structural dimensions of the microcavities. For the optical microtubes discussed in this
thesis, the overall Q factor can be decomposed by the following loss contributions [52–56],
1/Q = 1/Qabs + 1/Qrough + 1/Qrad + 1/Qnotch + 1/Qvoid + 1/Qsubstr (4.2)
where 1/Qabs is the term for light absorption from the material where the light propagates,
1/Qrough denotes the scattering losses on surface inhomogeneities, 1/Qrad accounts for
radiative losses, 1/Qnotch correspond to light diffraction as a consequence of the inner and
outer tube wall notches, 1/Qvoid scattering losses at voids in the rolled-up tube wall, and
1/Qsubstr light diffraction to the substrate.
In the following, we will discuss each loss contribution in the sequential order given in Eq.
(4.2). Losses by material absorption are estimated by taking into account the extinction
coefficient of the materials conforming the tube wall. The extinction coefficient can be
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obtained by spectroscopic ellipsometry (see subsection 2.6.2), and they usually present a
wavelength-dependent behavior. Optical attenuation by material absorption (including
bulk Rayleigh scattering) in silicon-dioxide-based microtubes is estimated to limit the Q
value to Qabs = 10
10 [28, 52]. It is expected to get a much lower value of Qabs = 10
6
when silicon-oxide is part of the tube wall, because of its higher absorption in the visible
range with respect to that of the silicon-dioxide [57, 58]. Even so, we can dismiss 1/Qabs
as limiting contribution to match the Q values experimentally estimated in Fig. 4.4 (a).
Losses originated by surface inhomogeneities can be ruled out mainly considering the
surface roughness of the tube wall. The deposition technique here employed results in
quite smooth surfaces where a limit of Qrough = 10
7 can be calculated [52, 56]; therefore,
Qrough is also discarded as limiting contribution. Moving to the third term to the right side
in Eq. (4.2), radiative losses 1/Qrad originates when light is considered to propagate in
curved structures (see discussion in subsection 3.2.3). Thus, 1/Qrad strongly depends on
the dimensions of the microtube and shows exponential decreasing behavior as a function
of the wavelength [59]. In the working spectral region, refractive index contrast and tube
dimensions, a value of Qrad > 10
4 can be estimated based on the calculations performed
to obtain 1/Qrad [59]; then, radiative losses do not limit the observed Q value.
The effect of light diffraction due to the presence of notches in the tube wall have been
studied, both, experimentally and by FDTD simulations, in detail elsewhere [14, 55].
Figure 4.4 (b) depicts a SEM image demonstrating the existence of a notch, inner notch
in this case, at the tube wall. The cross-section of the microtube was prepared by focused
ion beam (FIB), a technique developed by Deneke et al. [60]. The imaged cross-section
corresponds to a silicon-oxide-based microtube coated with HfO2 by ALD. In the SEM
image, HfO2 appears in high-contrast (bright traces in the wall layer) due to a much higher
dielectric constant than that of silicon oxide [61]. Light losses by the tube wall notches,
the fourth term to the right side in Eq. (4.2), have been recently ruled-out finding values
above Qnotch = 10
5 [56]. Even though notches present abrupt structural changes on the
smooth surfaces of the tube wall, they do not limit the measured Q values because the
notch size is several times lower than the wavelength of the optical modes.
Voids between the layers of the tube wall play a key roll limiting the quality factor [56,62].
As an example, the presence of an interlayer void is clearly confirmed in Fig. 4.4 (c). The
figure corresponds to a cross-section SEM image of the tube discussed in the previous
paragraph. Voids might occur during the rolling process, and they can be prevented
by optimization of the deposition parameters. Systematical experimental studies on the
dependence of the quality factor to the void size are missing, mainly due to technical
challenges; however, simulation studies have been carried out to estimate the influence of
interlayers voids [56, 62]. The results shows that when the void size is comparable to the
wall thickness, the Q decreases more than an order of magnitude [56]. The influence of
voids is expected to limit the quality factor to values above Qvoid > 10
3, which is larger
than the experimental values estimated in Fig. 4.4 (a).
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Finally, our discussion has brought us to the last term in Eq. (4.2). As shown in other
optical resonators, the optical leakage to the substrate can significantly broaden the mode
peaks, hindering their Q values [63]. In a further section, an experiment designed to
estimate the effect of the substrate on the light losses will be discussed in detail for optical
microtubes. There we demonstrate that the most important loss mechanism hindering Q
to low values (below 103) is the light diffraction to the substrate.
4.2.2 Spectral Shift of the Optical Resonances by Structural
Variations of the Microtubes
The influence of the tube wall thickness on an efficiently confined optical mode (i. e.
observable in the spectrum) can be systematically investigated on a single microtube.
For example, a microtube fabricated from a evenly rolled-up circular-shaped bi-layer will
result in a tubular geometry with the singular characteristic that the number of rotations
of the tube wall symmetrically varies with the distance from the middle of the tube axis.
This particular structure offers a special scenario to investigate the dependence of the PL
spectral mode intensity and peak positions as the tube wall thickness gradually varies
along the tube axis.3
Figure 4.5 (a) shows an optical microscopy image of a microtube array formed of circular
patterned silicon oxide bi-layers (4 nm SiOx and 16 nm SiO2). Highly ordered micro-
tubes, with ∼ 5.5 µm in diameter, are successfully produced. The fabrication process is
detailed in Chapter 2 and discussed in Section 4.1. The inset SEM image in Fig. 4.5 (a)
demonstrates a 2 µm gap between microtube and substrate. This gap is consequence of
the fabrication method (see section 2.3) and avoids direct optical leakage to the substrate.
The PL spectrum obtained from the middle of a microtube is displayed in Fig. 4.5 (b).
The examined tube has a total length of 80 µm. The triangular symbols in Fig. 4.5 (b) rep-
resent the mode positions derived from computer simulations (FDTD simulations, section
2.5), which are in good agreement with the experiment. To quantitatively evaluate the
dependence of the mode intensity on the microcavity structure, several PL spectra were
systematically collected along the axis of the tube rolled-up from circular a nanomem-
brane. Since the current analysis concentrates on the intensity of the optical mode, it is
more convenient to analyze the evolution of the intensity of a selected peak Im respect
to the intensity of the background Ib. The relative intensity Im/Ib of the mode labeled
with the azimuthal mode number m = 30 is calculated and plotted as a function of the
measured position along the tube axis, see lower panel in Fig. 4.5 (c). The relative inten-
sity reach its maximum at the middle of the tube, where the number of rotations, and
3 The results discussed in this subsection are part of a published work carried out at the IIN-
Dresden [30]. My contribution in this paper was the preparation of the samples, PL spectroscopy
measurements and discussion and analysis of the results.
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Fig. 4.5: (a) Optical microscope image of an ordered microtube array obtained from circular
patterned bi-layers. The inset shows an SEM image of a microtube, which is connected to
the substrate only through its middle region while its end regions are free-standing. (b) PL
spectrum from the middle of a tube rolled-up from a circular bi-layer. Intensities of the mode
and the broad emission band are defined as Im and Ib, respectively. The triangles indicate the
mode positions obtained from the FDTD simulation. (c) Upper panel: calculated variation of
the number of wall rotations along the axis of a tube rolled-up from a circular bi-layer. Lower
panel: relative intensity Im/Ib (mode m = 30) as a function of the measured position along the
tube axis. The solid line is a guide to the eye. 0µm indicates the middle of the tube.
hence wall thickness, is maximum. On the other hand, in the regions near the ends, the
thinner tube walls weaken the light confinement and modes can no longer be observed.
Since the tube wall consists of a tightly rolled nanomembrane, the number of rotations
(N(z)) along the axis (z) of a microtube rolled-up from circular nanomembrane can be
theoretically modeled, as detailed shown in appendix A.2. The equation for N(z) can be
seen in Eq. (A.3). The upper panel in Fig. 4.5 (c) plots the variation of the calculated
number of rotations along the tube axis. As expected, the maximum number of rotations
occurs at the middle of the tube axis, z = 0, and from this point this value gradually
decreases as z approach the end of the tube.
In addition to the change of relative intensity, the microcavity structure has significant
influence on the mode positions. Figure 4.6 (a) shows the PL spectra measured at different
positions along the tube axis. The microtube was scanned in steps of 1 µm over its entire
length. The horizontal axis of the graph gives the energy (also plotted in wavelength)
of the emitted light, whereas its vertical axis gives the axial position on the microtube.
The PL intensity is color encoded where bright means high signal, and at every measured
position the PL spectrum is intensity normalized. The optical modes are recognized in the
graph as the sequence of bright stripes distributed along the horizontal axis, where some
modes are labeled by their estimated azimuthal mode number m. The mode number m
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Fig. 4.6: (a) Color-encoded PL intensity map along the axis of a microtube rolled-up from a
circular shaped bi-layer. The calculated azimuthal mode number of some resonant modes are
indicated. (b) The circles show the experimental result of peak position (for m = 30) as a
function of the distance from the middle of the tube. Result from FDTD simulation is given by
the dashed line.
can be obtained by using Eq. (4.1), resulting in the equation,
m =
λm
FSR
− 1 (4.3)
Since m must be integer, the result of previous equation is rounded-up to the closest
integer number. Thus, after identifying the spectral position of two adjacent modes, a
simple equation allows us to estimate m for several resonant peaks.
A notable phenomenon in Fig. 4.6 (a) is the continuous shift of the optical modes to higher
energy (lower wavelength) when moving from the middle to the end of the microtube. To
understand this shift qualitatively, the cross section at each position of a tubular micro-
cavity can be considered as a slab waveguide (see section 3.2.2). To obtain constructive
interference for light traveling inside the tube walls, the resonant condition (Eq. (3.23))
mλ = neffL should be satisfied. With increasing distance from the middle of the tube,
the number of rotations (i. e., the tube wall thickness) decreases and shortens the path
of the resonating light, which directly leads to a decrease of neff . As a consequence, the
mode peaks blue-shift (shift to shorter wavelengths, or higher energies) maintaining the
resonant condition. The quantitative analysis of the shift is obtained by computer sim-
ulations (FDTD), which are displayed as dashed lines in Fig. 4.6 (b), and describe very
well the experimental results.
To partially conclude, in this subsection we have investigated the fine dependence of the
optical modes with the structural characteristics of the microtube. In particular, the
correlation of the spectral mode intensity and peak positions as the tube wall thickness
gradually varies.
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4.3 Optical Mode Tuning in Rolled-up Microtubes
Precise control of the optical modes in microcavities is demanded for optical-based appli-
cations, such as optical probing/sensing, wavelength switches, and add/drop filters [2,64].
Furthermore, for the creation of alternative lasers microdevices [65] and studies in cavity
quantum electrodynamics [4], light-matter interaction requires fine control of the cavity
modes to obtain tuned spectral overlap between the cavity resonances and the gain of the
emitter material in the system. In rolled-up optical microtubes, the spectral positions
of the optical modes strongly depends on the tube diameter and the effective refractive
index of the system (see Section 4.2). In this section a postfabrication tuning mechanism
is discussed, where the spectral positions of the optical modes of rolled-up microtubes can
be modified in a controllable and deterministic fashion4.
A distinctive feature of tubular rolled-up microcavities is that the thickness of the tube
wall is several times smaller than the wavelength of the resonating light. As a consequence,
the evanescent field of the optical modes strongly interacts with the media surrounding
the microresonator. Thus, changes on the thin tube wall will directly influence the reso-
nance conditions of the optical modes, suggesting a spectral mode-tuning approach. ALD
enables the uniform coating of the tube wall (see subsection 2.2.2), providing a simple
yet precise method to modify the wall thickness and refractive index of the microtubes.
Yang et al. employed ALD as a postfabrication technique to tune the optical modes in
of silicon photonic crystal microcavities [66]. Here, we explore this method employing
rolled-up microcavities. It is worth to notice that ALD provides not only a promising ap-
proach to study mode tuning of rolled-up microtubes, but also offers a method to further
investigate dependence of the optical modes on the wall thickness.
In the following, we systematically investigate the influence of step-wise coating of Al2O3,
by means of ALD, on the optical modes of rolled-up silicon oxide-based microtubes.
Due to the higher refractive index of Al2O3 in respect to the materials of the tube-
wall, an improved light confinement is expected once Al2O3 is deposited. Recently, other
metal oxides with high refractive indices, such as HfO2 and TiO2, have been used as
alternative for ALD-coating on rolled-up microtubes [28]. Here, ALD is employed because
of its precise thickness control and conformal coating ability [23,24], which simultaneously
deposits material onto the inner and the outer surfaces of the microtube. An illustration of
the cross-section view for a thin walled microtube before and after ALD coating is shown
in Fig.4.7 (a). For this study, a tubular microcavity rolled-up from a square SiOx/SiO2
bi-layer is selected. The bi-layer thickness is ∼39 nm (labeled as III in Fig. 4.2 (b)) and
the tube diameter is about 7µm.
4 The results discussed in this section are part of a published work carried out at the IIN-Dresden
[40]. My contribution in this paper included the experimental preparation and measurement of
the samples, discussion and analysis of the results, FDTD simulations, and writing process of the
manuscript.
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The microtube is coated with amorphous Al2O3 using ALD at 80
◦C. A monolayer (ML),
or deposition rate per ALD cycle, of Al2O3 is approximately 0.9 A˚ in thickness, which
is calibrated by atomic force microscope. The optical constants of Al2O3 were measured
on flat films using ellipsometry (refractive index nAl2O3 = 1.63, Ref. [28, 40]). Each ALD
cycle consist of TMA injection for 0.015 s, N2 purge for 10 s, water vapor pulse for 0.015
s, and N2 purge for 15 s. The deposition steps includes 2 ALD cycles until a total number
of 30 ML is reached, from this point each step increases to 5 ALD cycles until a total
number of 80 ML is reached, then each step increases to 10, 30 and 100 ALD cycles until
a total number of 120, 210 and 410 ML is reached, respectively.
The optical modes of the microtube are investigated by PL spectroscopy (section 2.6.1).
The curves shown in Fig. 4.7 (b) correspond to the PL spectra measured at the same point
on the microtube after a ML deposition stage. After each deposition step the spectral
position of the modes is monitored, obtaining a shift to lower energies (higher wavelengths)
which is labeled by the solid-circular and empty-triangular markers. We see that the mode
positions can be smoothly shifted (see also Fig. 4.7 (c)) over a wide spectral range, larger
than the FSR. This demonstrates that ALD coating is a suitable technique to adjust and
fine tune the properties of optical resonators after their fabrication. From around 210
ML coating, new shoulder peaks start to be resolved (see filled triangle markers in Fig.
4.7 (b)), exhibiting also a energy shift to lower energies. The origin of these new peaks
will be discussed in the following subsection 4.3.1.
In order to quantitatively discuss the spectral shift of the modes, we focus on regions
of the spectral tuning were the total shift is less than one FSR. Figure 4.7 (c) depicts
a series of PL spectra of the microtube with coatings up to 100 ML (the normalized
peak intensity is color encoded). In the selected tuning range the optical modes scale
linearly with the number of deposition cycles. An average mode red-shift tuning of 33
meV (10.5 nm) is measured for all modes. This corresponds to an average wavelength shift
of approximately 0.11 nm/Al2O3 deposited monolayer. We observe that modes with lower
energy present a slightly smaller absolute energy shift. For instance, after coating 100
ML Al2O3, the modes initially located at the spectral positions 1.86 and 2.08 eV shift by
31.6 and 35.1 meV, respectively. This effect can be deducted by employing the resonance
condition (Eq. (3.23)) mλ = neffL. Since the ALD technique symmetrically coat the inner
and outer wall of the tube, the light path of the resonant modes L can be assumed to
remain unalterable. However, coating the thin wall of the silicon oxide microtubes with a
material with relatively higher refractive index will modify the effective refractive index
of the system neff , and so the resonant wavelength will hold a new value. Thus, recalling
that energy is inversely proportional to wavelength E ∝ 1/λ, the differential between the
energy and the effective refractive index, that is, the change of peak energy after coating
the microtube, can be calculated as
dE/dneff = −E/neff (4.4)
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Fig. 4.7: (a) Sketch of the cross-section of a rolled-up microtube before and after ALD coating.
(b) PL spectra of a tube rolled-up from a square shaped SiOx/SiO2 bi-layer after coating with
Al2O3 layers with increasing thicknesses (in ML). Symbols mark the evolution of two TM modes
(solid circles and empty triangles) and one TE mode (solid triangles). (c) Color-encoded PL
intensity map showing the red-shift tuning of the optical modes as a function of the Al2O3
coating (up to 100 ML). (b) FDTD simulations for the tube studied in (c), reproduce the
observed red-shift tuning of the modes.
This equation agrees with the experimental results observed in Fig. 4.7 (c), were a negative
slope is obtained (decrease of E by increasing neff ). Additionally, one can observe that
modes at higher energy display a larger absolute shift with the same coating thickness.
The physical meaning of this larger shift can be qualitatively understood if we note that a
higher energy mode corresponds to a larger azimuthal mode number m (i. e., more nodes
for the corresponding resonant mode) and thus is more influenced by the changes on the
thin walled tube.
Figure 4.7 (d) shows the results of FDTD simulations (Lumerical Solutions software, see
section 2.5) performed to reveal the resonant mode shifts using the same dimensions
of the actual tube. Because of lower diffraction and known polarization geometry, a
TM polarized source is used for simulation. Refractive indices of SiO2, SiO, and Al2O3
measured by ellipsometry are 1.45, 1.55, and 1.63, respectively. These values are used as
input parameters in our FDTD simulation. A satisfactory agreement is obtained between
simulation and experiment, well reproducing the red-shift tuning of the modes as the
coating increases.
Before discussing the origin of the observed shoulder peaks, partial conclusions can be
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stated at this stage. In this section we have presented a post-fabrication tuning method
of optical modes in rolled-up microtubes using ALD of Al2O3. The results demonstrate a
wide tuning range, and a fine tuning precision calculated in hundreds of picometers per
ALD cycle. The controllable tunability, essential for future development of optical mi-
crodevices, brings a better understanding of the resonant modes in microtubular cavities,
suggesting that rolled-up optical microcavities could be used in potential applications for
on-chip components like filters and sensors.
4.3.1 Polarization of the Optical Modes in Rolled-up Microtubes
In this subsection we examine the nature of the shoulder peaks observed in Fig. 4.7 (b)
(filled triangles). To do so, we performed polarization-dependent PL measurements since
previous results attribute the resonant modes to strongly linearly polarized light having
the electric field vector parallel to the tube axis (TM modes) [14,15,30]. Linear polarized
light is efficiently identified by placing a lambda half-wave plate mounted on a motorized
rotation stage and a linear polarizer in the optical path of the emitted light, see diagram
in Fig. 4.8 (a). The half-wave plate rotates the polarization of the emitted light while the
rotation degree can be controlled by the motorized rotation stage. The linear polarizer
attenuates the signal by removing the light’s component perpendicular to the transmission
axis of the polarizer.
The results of the polarization-dependent PL measurements are shown as a color-encoded
intensity map in Fig. 4.8 (b). The intensity of the peaks (as a function of the rotation
angle) varies as expected for linearly polarized light, where a peak maximum gradually
vanishes and then increases back to its maximum value within a range of 180 ◦. The
microtube and the PL-polarization setup are carefully configured such that 0 ◦/90 ◦ in-
dicate light emission linearly polarized parallel/perpendicular to the tube axis. We see
that the intensity map resolve the shoulder peaks at 90 ◦ and 270 ◦, while the main peaks
are suppressed. Figure 4.8 (c) depicts the spectra where the main peaks and shoulder
peaks are clearly filtered by the polarization setup at 0 ◦ and 90 ◦, respectively. In this
plot one clearly observes that these two groups of modes are independent and conforms
the PL spectrum obtained in absence of the polarization setup. Figure 4.8 (d) shows the
average PL peak-to-valley ratio as a function of the rotation angle for the two selected
peaks around 2.07 eV in Fig. 4.8 (b). The main peak has a maximal intensity at 0 ◦
and a minimal intensity at 90 ◦, while the shoulder peak shows the opposite behavior.
Thus, the two groups of peaks can be assigned as TM and TE modes owing to their
perpendicular polarization nature. Within this definition, linear TM and TE polariza-
tion correspond to the electrical field component when is oriented parallel and normal
to the tube surface, respectively (see inset of Fig. 4.8 (d)). Computer simulations shows
that large diffraction loss will limit the propagation of TE modes in thin-walled rolled-up
microtube resonators [55], since the polarization nature of TE modes present an electric
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Fig. 4.8: (a) Illustration of the components and function of the linear polarization setup. (b)
PL intensity map as a function of polarization angle with respect to the tube axis direction
(tube axis = 0 ◦). (c) PL spectra showing the emission without polarization setup and with the
polarization setup so that the light emission is configured parallel/perpendicular to the tube
axis (0 ◦/90 ◦). (d) Average PL peak-to-valley intensity ratio as a function of the polarization
angle for the two peaks around 2.07 eV in (b); the TE mode intensity has been amplified for
the sake of clarity.
field component normal to the tube surface, in contrast to the TM modes. However, as
the tube wall becomes thicker, the confinement of TE modes in the tube wall is improved
and the microresonator can simultaneously support both TM and TE optical resonances.
4.3.2 Optical Mode Tuning by Asymmetric Deposition onto
Rolled-up Microtubes
Alternatively to the ALD tuning method discussed in section 4.3, electron-beam (e-beam)
deposition can be used to tune the optical modes in rolled-up microtubes5. In contrast to
an homogeneous tube wall coating obtained by ALD, e-beam deposition modifies the tube
structure introducing an asymmetry. An asymmetric optical microstructure might find
interesting applications such as directional light emitters [68], and enhanced light coupling
[69]. In this subsection, we study the influence of slightly asymmetric modifications of
rolled-up microtubes to tune their optical modes.
5 The results discussed in this subsection are part of a published work carried out at the IIN-Dresden
[67]. My contribution in this paper was the experimental preparation of samples, measurement
assistance, and discussion of results.
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The microtube structure is gradually modified by stepwise deposition of SiO2 onto
SiOx/SiO2-based microtubular cavities. Asymmetric deposition is achieved by introduc-
ing the microtubes into an e-beam chamber, where SiO2 is deposited on the tube wall.
The material is deposited perpendicular to the substrate surface. In this way, the SiO2
is only grown on the top side of the microtubes, which were previously rolled-up and
are fully integrated to the substrate. The final cross-section shape of the modified tube
consists of a ring and a SiO2 nanocap on the top side (see the sketch inset in Fig. 4.9 (b)).
Fig. 4.9: Experimental (diamonds) and calculated (asterisks) mode shift for (a) Tube-I (az-
imuthal mode m = 39) and for (b) Tube-II (m = 31), as the thickness of the deposited SiO2
nanocap increases. The SiO2 nanocap leads to a red-shift, while cavity deformation (D) results
in a blue-shift, as shown in upper-left inset in (a). Lower-right inset in (a) shows the definition
of D. As shown in inset of (b), Tube-II is assumed to bear a rigid structure. The consideration
of the SiO2 nanocap, without any cavity deformation, well reproduces the experimental results.
Two microtubes are prepared for the mode tuning demonstration by asymmetric deposi-
tion. Tube-I, with a relatively flexible structure, has a wall thickness of ∼189 nm and a
tube diameter of ∼5.9 µm. Tube-II, with a relatively rigid structure, has a wall thickness
of ∼344 nm and a diameter of ∼3.7 µm. In addition, to further strengthen the structure
of Tube-II, its inner and outer wall surfaces are coated with a 30 nm HfO2 layer by ALD.
The flexibility differences assumed between these tubes results in peculiar tuning mecha-
nisms. On the one hand, for Tube-I, up to the first 8 nm of deposited SiO2, the resonant
modes uniquely show blue-shift, whereas the modes turn to a red-shift when further SiO2
is deposited. On the other hand, Tube-II do not show any blue-shift but a continuous
red-shift as SiO2 is deposited. As an example of the different tuning behavior of each
structure, a resonant mode is selected and monitored after every deposition step. The
peak evolution is shown as diamond symbols in Figs. 4.9 (a) and 4.9 (b) for Tube-I and
Tube-II, respectively.
Calculation methods, using a two-dimensional ring resonator model (see subsection 3.2.3)
and perturbation theory [70], are employed to describe the mode tuning behaviors. The
presence of the SiO2 nanocap can be treated as an effective increase of the tube wall
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thickness and refractive index. With this consideration the calculations clearly indicate a
red-shift of the mode, as shown in Figs. 4.9 (a) and (b). This description, however, only
satisfies the behavior observed for the mode tuning of Tube-II, as seen in Fig. 4.9 (b). To
explain the spectral blue-shift of the modes observed at the initial deposition steps of Tube-
I, an oval-shape deformation is suggested. Considering the fairly thin tube wall of tube-I,
the initial SiO2 deposition would slightly deform the tube morphology, as illustrated in
the lower-right inset of Fig. 4.9 (a). Blue-shift caused by shape deformation has been
reported in a study of elliptic microdisk resonators [71]. When the cavity cross-section is
deformed from circular to oval geometry, a blue-shift is obtained as a function of cavity
deformation, as shown in the upper-left inset of Fig. 4.9 (a). The competition between
shape deformation and effective increase of the tube wall thickness results in blue-shift
followed by red-shift of the resonant mode in Tube-I. Considering the mode shifts induced
by both the shape deformation (D) and the postdeposited nanocap, a shape deformation
of D = 36.2 nm of the cavity structure is estimated when an 8nm thick SiO2 cap is
deposited on Tube-I. Tube-II does not show any blue-shift after SiO2 deposition due to
its thicker tube wall and smaller diameter compared to those of Tube-I. In addition, Tube-
II is strengthened by a 30nm HfO2 layer. Hence, the tube structure is robust enough to
prevent any shape deformation during SiO2 deposition.
To conclude, in this subsection we have explored a simple method to manufacture asym-
metric resonant cavities in which the optical resonances are tuned by gradually changing
the morphology of microtube cavities through SiO2 depositions. The interpretation of the
experimental results are validated by calculation results. In this way we established that
the cavity deformation is responsible for the observed blue-shift of optical resonances,
while the presence of nanocaps leads to the spectral red-shift of the modes. This finding
suggests a method to detect small shape deformation in a microcavity. Moreover, the
optical response for small perturbations on the microcavity offers a possible implementa-
tion of an efficient sensing function of the microtube resonators. In the following chapter
we will discuss additional optical modes which attracted our attention due to their con-
finement mechanism and relatively high optical quality values. These new resonances
demonstrate a further control on the light that propagates and resonates in the wall of
rolled-up microcavities.
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5
Enhanced Optical Confinement in
Microtubes Rolled-up from Circular-Shaped
Nanomembranes
In the previous chapter we focused on the characterization and control of optical modes
originated from light interfering constructively along the azimuthal direction of rolled-
up tubular microcavities. One should remember, however, that light is also travelling
along the microtube’s axial direction; thus, a complete picture of the light propagation
in the tube wall can be assumed as light spirals travelling through the entire length of
the tube. In the present chapter we will study optical modes originated from an efficient
confinement of resonant light along the axial dimension of the tube. Thus, complimented
with the resonant light confinement discussed in the previous chapter, here we present
experimental results and theoretical analysis of a complete three-dimensional confinement
of resonant light.
5.1 Optical Modes from Efficient Axial Confinement
Light confinement in cylinder-like optical microcavities, such as optical fibers [72,73] and
rolled-up microtubes [45, 74], have attracted much attention because of their potential
technological applications and their scientific significance to investigate propagation of
light in confined media. As discussed in a previous chapter, the cross-section of these
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cylindrical structures inherently offers a platform where light propagates in a closed loop
and resonate at specific wavelengths [13, 14, 72]. In addition, high order axial optical
modes can be confined in cylindrical microcavities by structural variations along their
long axis [75,76]. These resonances demonstrate an improvement on the light confinement
due to their spatially localized feature and higher quality factors, which is demanded for
both fundamental research and practical devices. Recently, efficient axial-resonant light
confinement have been obtained in rolled-up microtube cavities by designing lobes into
the border of the nanomembrane prior to the rolling process [14, 45, 74, 77], or creating
a ribbon band by etching stripes along the rolling direction of the nanomembrane [78].
Despite this substantial progress in the field, a flexible axial confinement mechanism is
still required to promote the ability to control light in optical resonators and extend their
applications.
In this section we introduce an asymmetric microtube resonator (AMR), which provides
an efficient mechanism to confine resonant light along the axis of a microtube 1. The
microtubes were prepared using rolled-up nanotechnology (technique detailed in Chapter
2). The wall of the produced AMR consist of a silicon-oxide bi-layer (6 nm SiOx and
27 nm SiO2) and a ALD post-fabrication coating step (HfO2 30 nm thick), which was
performed to increase the refractive index contrast of the system and to enhance the
structural stability of the microstructures.
Here we use microtubes rolled-up from arrays of circular shaped bi-layers, which are de-
posited on circularly patterned photoresist. This type of shape was already employed in
Subsection 4.2.2, where the fabricated microtubular structure bears the special character-
istic that the number of rotations of the tube wall symmetrically varies with the distance
from the middle of the tube axis. This symmetric feature is obtained in cases where
the photoresist pattern had a uniform thickness (as shown in the sketch of Fig. 5.1 (b)).
Alternatively, a cone-like microtube can be fabricated when the circular bi-layer rolls-up
in a slightly odd fashion. We refer to this type of structure as asymmetric microtube by
virtue of the asymmetric variation of the tube diameter along its entire axis. The uneven
rolling process required to prepare this cone-like AMR is provided by a photoresist pattern
with a sloped thickness, which is obtained by the centrifugal force gradient present when
the photoresist layer is prepared using off-center spin-coating. Figure 5.1 (a) illustrates a
circular-shaped nanomembrane unevenly rolled-up on a sloped photoresist pattern. The
optical images in Fig. 5.1 show that the employed approach enables us to control the
rolling direction of circular nanomembranes by adjusting the off-center of the substrate
during spin coating step. The optical resonances characteristics of the AMR are studied
by micro-photoluminescence (µ-PL) measurements at room temperature with a He-Cd
laser line at 442 nm. Details of the optical setup are given in Chapter 2.
1 The results discussed in this section are part of a published work carried out at the IIN-Dresden [79].
My contribution in this paper was the preparation of the samples, PL spectroscopy measurements
of tubes, discussion and analysis of the results and manuscript writing.
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Fig. 5.1: Optical images of (a) asymmetric and (b) symmetric microtubes rolled-up from sloped
thick (Hb >Ha) and uniform thick (H) photoresist patterns, respectively. (c) PL spectrum
measured at the big diameter region of an asymmetric microtube with the broad background
fitted by the grey curve. (Inset) Detailed PL spectrum example resolving high order axial modes.
Figure 5.1 (c) shows the PL emission spectrum obtained from the wide diameter region
of an AMR cavity. In Fig. 5.1 (c) the broad PL background from the silicon oxide
material of the tube wall (see section 4.2) is plotted by the grey curve, which is obtained
by a software-assisted baseline procedure. In the spectrum we observe regularly spaced
modulations correspondent to an azimuthal mode number. As discussed in Section 4.2,
these modes arise from constructive interference of light guided along the cross-section
of the microtube cavity. However, in contrast to the PL spectrum of microtubes studied
in the previous chapters, a careful examination reveals that each azimuthal resonance
exhibits a tail with additional peaks grouped at slighter longer energy and with lower
intensity, as shown in the inset of Fig. 5.1 (c). The additional peaks are identified as
high-order axial modes indicating an efficient axial confinement of resonant light [45,76].
Improvement of the light confinement is supported by an enhancement on the Q value.
For instance, while a Q of only few hundreds is obtained when no resonant confinement
is observed [15], in Fig. 5.1 (c) a Q value of 2300 is measured for the first axial mode
within a whispering gallery mode group. This value is comparable to the highest values
reported for optically-active rolled-up resonators, i. e. microcavities based on luminescent
materials [45, 56, 74, 77]. Moreover, the obtained Q value compete with values reported
for microcavities where silicon is the active material: e. g., Q ∼ 100 in planar cavity
[80], Q∼ 1000 to 2800 in microdisk resonators [53, 81], or Q∼ 1500 and 2500 for coated
microspheres and core-coated cilindrical resonators [73, 82, 83]. In this context we adopt
the term high-Q when an optical mode of an optically-active microtube presents a Q value
in the order of > 103. The origin of high order axial modes in our AMR cavity will be
addressed in detail in the following section.
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The cone-like shape of the AMR (see Fig. 5.2 (a)) is characterized by a diameter difference
∆D = Dt − Db, where Dt and Db are the diameters measured at the top end (bigger
diameter) and bottom end (smaller diameter). In order to investigate in detail the optical
modes of our AMR, the PL emission spectrum is systematically measured in steps of 1
µm along the long axis of the cavity (z-direction). The studied tube has a ∆D ∼ 1 µm,
a mean diameter (D = (Dt + Db)/2) of ∼ 5.5 µm and length of 45 µm. For this case,
the relatively large aspect ratio of the tube length in respect to ∆D makes the direct
observation of the diameter difference by looking through the optical microscope difficult.
However, as discussed below, the PL mapping help us to confirm the continuous diameter
variation along z. Figure 5.2 (a) depicts the background-subtracted PL results as a color-
encoded intensity map. High-Q modes are found only towards the top region of the tube
(z between 12 and 20 µm), while low-Q modes (Q of ∼ 140) prevail in the middle region
of the tube (z between 15 and −15 µm). In the PL map we observe that in contrast to
the localized feature of the high-Q axial modes, the low-Q modes continuously blue-shift
when scanning from the high-Q region to the other end. The observation of high-Q modes
with spatially localized characteristics is evidence of three-dimensional (3D) resonant light
efficiently confined in a tubular cavity [45,76,84].
Fig. 5.2: (a) Color-encoded PL intensity map along the axis of an AMR. The sketch shows the
corresponding AMR cavity. (b) Top panel: a PL spectrum measured at z = 17µm. High order
axial modes are resolved in each azimuthal mode (m : 35 → 37). Their peak positions agree
with the employed theoretical model (triangular marks). Bottom panel: a PL spectrum with
low-Q modes measured at z = −4 µm. The spectra are fitted by Lorentzian functions (light
blue curves).
As discussed in section 4.2.2, the spectral shift of the low-Q peaks occurs due to the
variations of the structure of the microtube. In this case, the continuous shift is a direct
evidence of the diameter variation along the tube axis. Additionally, the increment in the
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FSR reveals a diameter decrease from the wide end to the narrow end of the AMR (see
Fig. 5.2 (b)). From the spectra results, an average shift rate of 3.9 meV/µm is extracted
and a total shift over more than one azimuthal mode spacing (e.g. FSR top, ∆E = 42
meV) is obtained and allows us to classify our conically shaped cavity as a full-mode-
tuning optical resonator [76, 84, 85]. Figure 5.2 (b) displays the background-subtracted
PL spectrum from the high-Q modes region (at z = 17 µm), where three sets of resonant
peaks (grouped by their azimuthal mode number m : 35 → 37) are shown. Each set
of modes is fitted by a superposition of Lorentzian functions where three axial modes
peaks are identified. The calculated peak positions (triangular marks), derived from a
theoretical model described below, agree well with our experimental results.
5.2 Excitation Power Dependence of High-Q Axial Modes
Optical microcavities with high-Q modes are good candidates as optical components in
laser devices [80,86–89]. Lasing has recently been demonstrated in rolled-up microtubes,
where the optically active material is a semiconductor (GaAs) quantum well media em-
bedded in the tube wall [78]. Alternative to a semiconductor laser, exists a deep interest in
the scientific community for a silicon-based laser [90]. To realize this objective, the emis-
sion from silicon-based materials could be coupled or confined within a high-Q optical
cavity in order to decrease the lasing threshold [2]. In the previous section we introduced
a silicon-based microtube cavity with enhanced Q values, which motivate us to investigate
excitation power dependence effects, a necessary initial step towards lasing.
Fig. 5.3: (a) Background-subtracted PL spectra as the power of the excitation laser source
increases. (b) Top panel: evolution of the intensity of the first-order axial mode peaks around
∼ 1.70 eV and ∼ 1.80 eV as a function of the power of the excitation source. Bottom panel:
Stability of the Q-factor of the two selected peaks as the power of the excitation source increases.
Figure 5.3 (a) shows the background-subtracted PL emission spectra of an AMR for several
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power levels of the external excitation laser. Every measurement is performed at the
same position on the tube, an the laser is focused on the high-Q region of the tube. The
analysis of the light input/output intensity is depicted in Fig 5.3 (b). In our AMR cavity,
we were not able to find any intensity threshold behavior, and therefore we could not
prove stimulated emission. This can be due to recombination processes, which could be
addressed by optimization of the optical gain media. Lasing from silicon-based WGM
microcavities is a research area that requires further investigations and is out of the
scope of this work [53]. Increasing of the pump power (more than 500 µW) results in
burning/destroying the microcavity, because of a relatively poor heat flow [78]. However,
instead of a SiOx/SiO2 microtube wall, a recently developed pure SiO2 microtube showed
a satisfactory tolerance to external excitation power [56]. Although the heat flow problem
seems to be solved, intensity threshold behavior must be investigated in detail on those
type of silicon-based microcavities. Nevertheless, here we remark the good stability of
the optical quality of our AMR cavity, as shown in Fig. 5.3 (b). This finding indicates
that the used excitation power does not cause an additional loss source, contrary to the
effect observed in Si-nanocrystal-based microdisk resonator [53]. A stable spectral peak
position and optical quality with respect to the pumping power are desired characteristics
for molecule sensing applications using high-Q optical microtubes [61]. In the next section,
we discuss the confinement mechanism of high-Q axial modes in AMR.
5.3 Theoretical Model Applied for Three-Dimensionally Confined
Resonant Light
A photonic quasi-Schro¨dinger equation was employed to calculate the optical resonances
in the AMR cavity. The theoretical model was developed in detail in Chapter 3. In
the model, the propagation of light along the tube axis (z direction) is obtained by
numerically solving Eq. (3.46): −n−2(z) d2Ψ(z)/dz2 +k2ax(z)Ψ(z) = k2Ψ(z), where n(z) is
the refractive index of the tube wall, Ψ(z) is the axial field distribution, and k = 2pi/λ is
the desired solution of the mode energy, which is correlated to the axial field. The square
of the term kax act as the potential function in the Schro¨dinger equation. This term
influences the light propagation along the tube axis and is obtained by solving the wave
equation of the tube cross-section at each z position (see Eq. (3.45)). Since the solutions
of the cross-section are performed for a selected azimuthal mode number m, the potential
depends on m (or energy). This result is in contrast to the quantum-mechanical problem
in which the potential is independent of the energy. We will explore the consequences
of this effect below. For a given m, the solutions of Eq. (3.46) are interpreted as axial
resonances labelled with mode index j (j integer ≥ 1). Thus, the axial field Ψ(z)m,j
resonate at wavelength λm,j.
To derive kax, the spiral shape of the tube wall was treated as two coupled slab waveg-
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uides, where their thickness and lengths vary as a function of the axial position and are
determined by the number of windings of the tube wall at each z (see details in Subsection
3.2.6 and in Apendix A.2.1). The calculated axial potential kax correspondent to each
azimuthal mode considered in Fig. 5.2 (b) is plotted in Fig. 5.4 (a). This figure clearly
shows a curve of the potential-term with minima located at the larger diameter side of
the AMR (e. g. kax min. at z = 17.85µm for m = 36), consistent with the region where
the localized high-Q axial modes are experimentally measured. The minimum of each
kax is zoomed by plotting a smaller energy range of 50µeV, as presented in the inset of
Fig. 5.4 (a). Besides the evident dependence of the potential kax on m, the inset shows
that the location z of the minimum increases with the energy. A rate of ∼ 0.1µm per
azimuthal mode number m was estimated. This dependence is also found experimentally,
as shown in the PL intensity map of Fig. 5.2 (a). In that intensity map, for instance,
the high-Q modes at ∼1.71 eV are located at slightly lower z than the high-Q modes at
∼1.96 eV.
Figure 5.4 (b) presents the calculated field distribution of the first three axial modes
(Ψm,j(z), j = 1, 2, 3) together with their respective resonant energy (Ej) associated to
the potential kax with m = 36. The required input parameters for this calculation are
the thickness and refractive index of each layer that conforms the tube wall, the tube
length (determined by the diameter of the circular pattern), and the top and bottom
diameters (Dt and Db) of the cone-like AMR cavity. To obtain a satisfactory agreement
of the calculated values with the experimental results (see Fig. 5.2 (b)), we fit the input
values of the diameters. For this tube the fitting values are ∆D = Dt −Db = 1.028µm,
and D = (Dt + Db)/2 = 5.544µm, which well agree with the diameters obtained from
optical microscope images. Thus, in the last two paragraphs we have shown that the the-
oretical model satisfactory reproduces, qualitatively and quantitatively, the experimental
measurements.
To further understand the origin of axial modes in the AMR structure, we calculated
the axial potential kax for a symmetric tube (i. e. Dt = Db ⇒ tube diameter D = D =
5.5µm) with m = 36. Figure 5.4 (c) depicts the calculated potential assuming that the
previously studied tube would roll-up evenly. In the symmetric tube, there is also a
potential minimum but it is located at the middle of the tube (z = 0). Figures 5.4 (b) and
(d) qualitatively compare the axial potential for asymmetric and symmetric tube cavity
over a selected plot area of 18µm and 10 meV. The energies of the first three axial modes
are indicated by the horizontal dashed lines, where a larger spacing, implying enhanced
axial confinement, is demonstrated in the AMR cavity due to the narrower and deeper
potential well. Although the number of rotations influences the average refractive index
of the tube wall along z (max. ∆n ∼ 7% for both cases), these findings indicate that
the variation of tube diameter ∆D dominates the formation of an axial potential well
which efficiently confined axial resonances. Here ∆D = 0% for the symmetric tube and a
maximum ∆D ∼ 16% along z for the AMR case. These results suggest that the location
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Fig. 5.4: (a) Calculated axial potential along the axis of the discussed AMR for the azimuthal
mode numbers m = 35-37 (modes considered in Fig. 5.2 (b)). (Inset) Minimum of each axial
potential, plotting an energy range of 50µeV and z range from 17.5ev to 18.1eV. (b) Calculated
field of the first three axial modes and their resonant energy are plotted together in the potential
for the mode m = 36 of the AMR. Energy range of 10meV and z range of 18µm. (c) Calculated
axial potential along the axis of a symmetric microtube for the azimuthal mode m = 36. The
considered symmetric microtube have the same diameter and number of rotation as the values
of the studied AMR at z = 0. (d) Magnified plot of the potential minimum from symmetric
microtube (plot area equal to (b) in energy and z ranges).
of the axial potential well can be tuned along the tube axis by modifying the conical degree
of the cone-like structure and/or the variation rate of effective refractive index along the
tube wall. The latter mechanism was originally demonstrated in rolled-up microcavities
by preparing lobes into the rolling edge or defining a ribbon band on the bi-layer prior the
rolling process [45, 78], here we obtained a controlled confinement of resonant light in all
three dimensions by combining refractive index and diameter variation along a rolled-up
microcavity.
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5.4 Realization of Efficient Axial Confinement in Asymmetric
Microtube Cavities
The calculation results for the symmetric tube (Fig. 5.4 (c)) suggests that axial modes
should be observed at the middle of a tube evenly rolled-up from a circular pattern.
Figure 5.5 (a) shows a symmetric tube with a length of 25µm. A tube shorter in length,
compared to the previous case, should enhance the potential well depth resulting in an
increase the axial mode spacings, which in turn should facilitate the measurement of
efficient optical axial confinement. However, only low-Q modes (Q ∼ 300) are observed
at the middle of the rolled-up tube, at z = 0. Around this region, a microtube rolled-
up from a circular pattern is connected to the substrate through a wall formed by the
material deposited on the side of the sacrificial layer, as illustrated in the sketch of fig.
5.5 (a) (or in the SEM image in Fig. 4.5 (a)). Even though the microtube is not directly in
contact to the substrate, the connecting wall introduces light diffraction to the substrate
spoiling the appearance of axial modes, broadening the mode peaks, and hindering their
Q values. This assumption was proved by elevating the region around the middle of the
tube. To do so, the microtube was carefully transferred onto a 25µm-thick pattern with
the aid of a microcapillary tip (the transferring procedure is detailed later in Section 6.4).
Figure 5.5 (b) shows a top-view optical image and a representative side-view sketch of
the transferred tube. After elevating the tube, light leakage is suppressed and the axial
modes are resolved, as shown in the PL spectra of Fig 5.5 (c).
Fig. 5.5: Top-view optical images and corresponding side-view sketches of a microtube when
the tube is (a) integrated to the substrate and (b) lifted-up onto a patterned SU8 photoresist
stage. The scale bar is 10µm and the laser beam indicates the PL measurement position. (c)
PL spectra for each situation.
In the AMR cavity, the minimum of the axial potential is located at the larger diameter
end region, which is not in contact with the substrate (∼ 2µm above). Theoretical results
shows a Q value improvement by a factor of up to ∼ 2.54 when the confinement is changed
from 2D to 3D because of a reduced light absorption [84]. Therefore, the observation of
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high-Q axial modes are benefited from suppression of diffraction losses in addition to
efficient 3D confinement of resonant light. Light losses to the substrate are identified as
the dominant loss mechanism in low-Q rolled-up cavities, while voids in the tube wall are
the limiting mechanism in our high-Q tubes, as discussed in Section 4.2.1.
In conclusion, in this chapter we have experimentally and theoretically investigated three-
dimensionally confined optical resonances in asymmetric microtubes fabricated by the
uneven roll-up of circular-shaped silicon-based nanomembranes. An axial confinement
mechanism for localized high-Q axial modes was achieved by virtue of gradual variations
of the tube diameter and tube wall refractive index along its axis. These results, along
with the advantages of on-chip fabrication of AMR structures, promote their application
in fields such as optofluidics [91], or bio-inspired sensing/detection by confining a biological
component [62]. Indeed, in the following chapter we will explore optofluidic applications
of rolled-up microtubes towards a lab-on-a-chip sensing device.
6
Optofluidic Applications of
Silicon-Oxide-Based Rolled-up Microtubes
In this chapter we explore optofluidic applications of rolled-up optical microtubes, which
are based on silicon-oxide materials. In general, the term optofluidics refers to the research
field where photonic components are combined with fluids at the micrometer scale. In
particular, here we use an optofluidic method to detect and sense small volumes of liquids
with different refractive indices 1. First, we discuss a situation where microtubes are
immersed in a different liquid medium. Next, we consider the case when a liquid medium
is placed only into the core of a microtube which efficiently confines 3D optical modes
with high-Q values. Then, we present a technological development that integrates, on a
single chip, optical microtubes with a microfluidic channel system. Finally, we employ the
fabricated optofluidic chip device to detect refractive index variations of liquids flowing
through the core of the integrated microtubes.
1 The results discussed in this chapter are part of publications carried out at the IIN-Dresden [74,91,
92]. My contribution in those papers consisted on the preparation and optical measurement of the
microtubes, microtube transfer technique, discussion and analysis of the results, FDTD simulations,
analytical calculations and partial writing and figure preparation of the manuscript.
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6.1 Optical Modes in Rolled-up Microtubes Immersed in a Liquid
Medium
Optical modes in rolled-up microtubes, or more generally, in optical ring resonators, are
formed due to total internal reflection of light at the boundary between high and low
refractive index media [2, 13]. Light is guided by and within the tube wall, i. e. the
high refractive index media; however, the resonant light is not completely confined in the
tube wall. The evanescent field of the confined mode propagates into the low refractive
index media and interacts with the materials in the vicinity of the inner and outer tube
wall [16, 93, 94]. Changes in the refractive index of the media nearby the surfaces of
the tube modifies the effective refractive index of the system, which in turn influences
the resonant condition of the optical modes. Therefore, by monitoring changes in the
spectrum of the optical modes, it is possible to quantify refractive index changes of an
analyte adjacent to the microtube surfaces. Optical cavities operating under this type of
sensing scheme are referred as refractive index-based optical sensors.
The interaction between the evanescent field of the optical mode with a media surround-
ing the tube offers a fertile scenario for sensing applications and can be enhanced by
reducing the wall thickness of the resonator [16, 17]. As discussed in a former chapter,
roll-up nanotechnology enables the fabrication of tubular optical microcavities with rel-
ative thin walls, i. e. the wall thickness is few times smaller than the wavelength of the
supported resonant light. This characteristic promotes rolled-up microtubes as efficient
sensor candidates based on optical mechanisms with high sensitivity values. In this way,
a first attempt to test the sensing capabilities of rolled-up optical microtubes is to sys-
tematically modify the bulk media in which the microcavity is enclosed. Here, liquid is
used to achieve the bulk media modification. Nevertheless, radiative losses of the con-
fined modes are expected to increase as the refractive index of the surrounding media
increases [59,95]. This drawback can be overcame by optimizing the refractive index con-
trast between the resonator and the surrounding media. For instance, the refractive index
of the microcavity can be modified through postfabrication methods, e. g. ALD, by de-
positing materials with high refractive indices without compromising the sub-wavelength
feature of the microtube wall.
Figure 6.1 (a) displays a three-dimensional schematic diagram of a rolled-up microtube
immersed in liquid. The microtube’s wall consist of a SiOx/SiO2 bi-layer with additional
coating layers on both inner and outer surfaces, as shown in the top-right inset sketch.
Here, we focus on microtubes rolled-up from squared patterned bi-layers (side length of
70 µm) because of the uniform wall thickness along the tube axis and, therefore, spatially
constant spectral modes positions (see subsection 4.2.2 or Ref. [30]). The bi-layer thickness
is around 40 nm with a thickness ratio of ∼ 1:4, which is found to be particularly well
suited for the rolled-up process, as discussed in section 4.1. The fabrication method, its
advantages, and the optical characterization setup are described elsewhere in Chapters 2
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Fig. 6.1: (a) Illustration of a microtube immersed in a liquid medium. (Left inset) SEM image
of a tube rolled-up from a square pattern. (Right inset) sketch of the tube wall. (b) PL emission
from two microtubes in DI water, one coated with Al2O3, the other with HfO2.
and 4.
Figure 6.1 (b) shows PL spectra from two silicon-based microtubes in DI water, one coated
with Al2O3, the other with HfO2. ALD is used as coating method. In both spectra a broad
emission band is observed, which is assigned to defect centers in the silicon oxide bi-layer
[49–51]. The sequence of peaks modulating the PL intensity are assigned to optical modes
in this type of optical microcavities [13]. We note, however, that the microtube coated with
HfO2 efficiently improves the confinement of resonant light compared to the microtube
coated with Al2O3, since the PL spectrum of the HfO2 coated tube clearly depicts good
mode intensities. On the contrary, for the Al2O3 coated tube, strong light loss leads to a
considerable degradation of the confined modes to the point where the resonant peaks are
nearly undetectable in the PL spectrum. Since the refractive index of HfO2 is larger than
that of Al2O3 [28, 92], the refractive index contrast is large enough to confine resonant
light when the tube is immersed in liquid (water in this case). Therefore, here we select
HfO2 as coating layer (30 nm thick by ALD) to obtain acceptable mode intensities when
the tube is immersed in liquid, while maintaining wall thickness in the sub-wavelength
range. The combination of rolled-up nanotech and ALD post-treatment demonstrate a
flexible method to obtain thin-walled optical microcavities supporting optical modes in a
liquid media.
6.2 Rolled-up Microtubes for Enhanced Liquid Sensing Applications
For sensing applications, we measured the PL spectrum of the rolled-up microtubes in
different liquids. Figure 6.2 (a) shows the PL spectra of a tubular rolled-up microcavity
with a diameter of ∼9 µm in air, deionized water nwater = 1.33, water/ethanol mixture
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(1:1 in volume), and ethanol (nethanol = 1.36). Optical modes are observed in all four
spectra, but striking differences can be distinguished. The spectrum from the micro-
cavity in air reveals a double-peak structure, which is absent in the spectra from the
microcavities in the liquids. As discussed in subsection 4.3.1, polarization-dependent PL
measurements revealed two groups of modes, which were identified as transverse mag-
netic modes (TM modes, with the electric field vector parallel to the tube axis) and
transverse electric modes (TE modes, with the magnetic field vector parallel to the tube
axis). When the optical microcavity is immersed into the liquids, the refractive index
contrast of the system decreases and therefore the light loss increases for both TM and
TE modes. However, the loss for TE modes is much more prominent than for the TM
modes, making TE modes undetectable in the liquids. To complement the previous dis-
cussion, two-dimensional FDTD simulations were performed (see Section 2.5) to obtain
the mode intensity and the electric/magnetic field patterns of the TM/TE modes. The
refractive indices values of the tube wall, needed for the simulations input parameters,
were obtained from ellipsometry measurements, which resulted in 1.55, 1.45 and 1.95 for
SiOx, SiO2 and HfO2 layers, respectively. The results derived from two-dimensional (2D)
FDTD simulations are depicted in Figs. 6.2 (b) and (c). Figure 6.2 (b) compares normal-
ized intensities of the TM and TE modes which greatly decrease in water and ethanol due
to diffraction loss, but the intensities of the TM modes remain about 1 order of magnitude
higher than those of the TE modes. This phenomenon is further visualized by the field
patterns displayed in Fig. 6.2 (c). The four panels in this figure display the intensity field
patterns (magnetic field for TE mode and electric field for TM mode) from an optical
microtubes in different surrounding media. For air, both fields are well-confined to the
wall. However, pronounced dissipation of the magnetic field leads to the disappearance
of the TE modes when the tube is immersed in water, consistent with our observations in
Fig. 6.2 (a). This finding should not be read as a limitation because it suggest that under
proper confinement conditions, the response of TE modes are more pronounced than that
of the TM modes, an effect advantageous for sensing purposes [17].
In addition to the vanishing TE modes in liquids, another interesting phenomenon is
observed. The peaks correspondent to TM optical resonances in Fig. 6.2 (a) spectrally
shift when the microcavity is immersed in different liquids, implying an optofluidic sensing
function of the microtube. However, a reliable assignment of the mode shifts is difficult to
accomplish due to the periodic peak structure of the modes and the remarkable differences
of refractive index of the media surrounding the tube. Analytic calculations were therefore
carried out based on Maxwell’s equations applied to the geometric structure of the rolled-
up microtube. The derivation of the theoretical model is detailed in Chapter 3. The
homogeneity of the tube structure along its axis simplifies the theoretical approach, thus
a two-dimensional treatment employing the tube cross-section is enough to study the
system. In addition, for this problem we consider the spiral feature of the cross-section as
a planar waveguide, ignoring the notches at the rolling edge of the nanomembrane and the
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Fig. 6.2: (a) PL spectra of a microtube (diameter of ∼ 9µm) in air, deionized water, ethanol,
and water/ethanol mixture (1:1 in volume). (b) Normalized TM and TE mode intensities as
a function of refractive index of the surrounding medium. (c) Simulated field patterns of TE
and TM modes for an optical microtube in different surrounding media. The intensities are
displayed in logarithmic scale to elucidate the remarkable diffraction loss of the light.
curved surface of the microcavity. The length of the equivalent planar waveguide is the
circumference of the tube. Since, in general, the winding number of the tube wall is not
an integer, the average thickness of the nanomembrane is taken and used as the height
of the planar waveguide. The refractive index of the planar waveguide is obtained via
averaging refractive indices of the layers which constitute the microtube wall (Eq. (3.41)).
As detailed in subsection 3.2.2, using the previous considerations and applying the correct
boundary conditions, the Maxwell’s equations can be solved into a compact equation, see
Eq. (3.28), which must be solved numerically. A method to find the solutions is exemplified
in subsection 3.2.4. For the system studied here we calculated the mode positions as a
function of azimuthal number and refractive index of the surrounding medium for an
optical microtube with a diameter of ∼ 9µm, as displayed in Fig. 6.3 (a) (note that the
azimuthal numbers should be discontinuous integers indicated by solid lines). In the figure
we observe that the optical modes, represented by their mode number m, show pronounced
optical shifts to longer wavelengths when the refractive index is increased from 1 to 1.38.
A maximum shift of more than 90 nm for the lowest mode number m = 48 is determined
(the dependence shift vs mode number will be explored at the end of this section). To
support the analytical results, two-dimensional FDTD simulations are performed with
the same parameters used in the analytical calculation. In the simulated structure the
curvature and spiral feature of the wall is considered. The FDTD simulations show the
same tendency for the calculated mode shifts and also agree well with our experimental
results, as depicted in the comparative peak positions plot of Fig. 6.3 (b). Although
several approximations are made in our analytical approach, results with good veracity
are obtained with much shorter computing time compared to FDTD simulations. We
therefore conclude this paragraph stressing that the analytic method here employed is
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applicable for fast characterization of a rolled-up optical microcavity.
Fig. 6.3: (a) Calculated modes from a microtube with a diameter of ∼ 9µm as a function
of azimuthal number and refractive index of the surrounding media. The mode-shift for dif-
ferent azimuthal numbers are derived from analytical model for TM polarization. (b) Spectral
peak positions of the modes obtained from experiment, 2D-FDTD simulation and the employed
analytical model.
To further study the liquid sensing capabilities of our optical microcavities, we measured
the PL spectra from another rolled-up microtube (diameter of ∼ 7µm, labeled as small
tube) in different media: air, deionized water, and isopropyl alcohol (nisopropyl = 1.37).
Features similar to those shown in Fig. 6.2 (a) (from a tube with diameter of ∼ 9µm,
labeled as big tube) are observed, indicating quite generally that the rolled-up optical
microcavities are useful in applications such as sensing refractive indices of different liq-
uids. To explore the sensing performance of the small microtube in more detail, we plot
the mode positions in Fig. 6.4 and add the simulated mode positions (derived by FDTD
simulation) as solid lines for comparison. From this diagram, one can easily correlate the
modes from the microcavity in different liquids. The slopes of the solid lines increase
for higher refractive indices, suggesting a higher sensitivity in liquids with higher refrac-
tive index. This effect is attributed to a pronounced evanescent field increment as the
refractive index contrast of the system decreases [17].
The liquid sensing capabilities are quantified regarding the microcavity’s sensitivity (S).
On the basis of the FDTD simulations and the experimental data, we determine the
sensitivity of the rolled-up optical microcavity by
S =
λm,liquid − λm,water
nliquid − nwater (6.1)
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Fig. 6.4: Peak position of TM modes from an optical microcavity (diameter of ∼ 7µm) as
a function of refractive index of surrounding medium. The solid lines are derived from FDTD
simulations, and the black squares, blue triangles, and red triangles represent experimental
mode positions in air, deionized water, and isopropyl alcohol, respectively. The corresponding
azimuthal numbers are also indicated.
where λm,liquid (λm,water) represents the mode position of TM modes in liquid (water) with
the same azimuthal number m, and nliquid (nwater) denotes the corresponding refractive
index of the liquid (water). The sensitivity is then expressed in nm/RIU, where RIU
stands for refractive index units. Experimental results from two optical microcavities are
given in Fig. 6.5 as black squares. Figure 6.5 (a) shows the sensitivity of a big microtube (φ
∼ 9µm) by applying Eq. (6.1) to ethanol and water, while Fig. 6.5 (b) displays the results
for a small microcavity (φ ∼ 7µm) which was immersed in isopropyl alcohol and water.
The sensitivities of both optical tubular microcavities are substantially higher than those
reported previously on microcavities presenting tubular-like morphology [17,93,94,96]. It
is worth noting that the sensitivity of the large microcavity in Fig. 6.5 (a) is higher than
that of the small microcavity in Fig. 6.5 (b). This behavior is supported by calculations
performed for tubular optical microcavities [97]. In addition to the diameter differences,
there is a characteristic structural variation among the studied tubes. Recalling the fact
that the microcavities rolled-up from squared patterned bi-layers (section 6.1), the bi-
layer of the small tube performs more rotations than that of the large tube, and as a
result, a thicker tube wall which improves the confinement of the optical modes in the
resonator wall [16, 97]. To understand the mechanism in more detail, we calculated the
quality factors of the microcavities. The quality factors of the big and small microtube
in air are Q ∼ 480 and Q ∼ 660, respectively, for the mode at λ ∼ 620 nm. Since the
quality factor of the microcavity is determined by the energy loss, we may infer that the
energy loss in the big microcavity is higher than that in the small microcavity. A large
part of the evanescent field penetrates into the surrounding medium so that the change
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in refractive index of the medium has a large influence on the light propagation in the
microcavity [93,98]. As a consequence, the sensitivity of the big microcavity increases.
Fig. 6.5: Sensitivity as a function of azimuthal number, obtained from a microtube with a
diameter of (a) ∼ 9µm and (b) ∼ 7µm. (c) Simulated electric field patterns of TM modes for
two azimuthal numbers for a microtube (diameter of ∼ 7µm) in water.
Besides the sensitivity, the detection limit (DL) is other important figure of merit for
optical sensors. This parameter informs about the capability of the sensor to detect small
fluctuations. The detection limit can be estimated by
DL =
3σ
S
(6.2)
where σ is the standard deviation of the system noise and S the sensitivity [96, 99]; σ
is given by two contributions originated when determining the positions of the resonant
mode: amplitude variations and spectral variations. Amplitude variations are related to
thermal noise, which can be neglected for the microcavities here studied [96]. Spectral
deviations are originated from statistical distributions of the measurements of peak posi-
tion. Therefore σ depends on the line width ∆λ of the mode and can be approximated by
σ ≈ ∆λ/(4.5 SNR0.25), where SNR is the signal to noise ration (SNR= peak power of sig-
nal divided by variance of noise distribution) [99]. According to our PL spectra at around
650 nm, ∆λ ∼ 3 nm and SNR∼ 50 dB for both microtubes, thus the obtained detection
limit is in the order of 2 × 10−3 RIU. Optical resonators supporting modes with small
line widths, i. e. high quality factors, should provide better detection limit values [99]. In
our case, due to the lower quality factors, the detection limit of the microtubes is larger
than that of glass capillaries [96, 100], indicating that at this stage our microcavities can
hardly be used to sense tiny fluctuations in refractive index produced by trace solutions.
However, considering that the sensitivity and detection limit can be effectively tuned by
ALD coating, we believe that the rolled-up microcavities can easily find beneficial use in
analytical chemistry and bioanalytic systems.
Another notable phenomenon in Fig. 6.5 is the decrease of the sensitivity with increasing
azimuthal number (see red dashed lines plotted in Fig. 6.5 (a) and (b)), which is considered
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to be due to stronger light confinement in the microtube wall. Since the azimuthal number
denotes the number of the nodes of the field intensity around the ring, a larger azimuthal
number corresponds to more nodes in the microcavity, which effectively enhances the
field confinement in the optical microcavity. To illustrate this phenomenon, Fig. 6.5 (c)
depicts the simulated (2D-FDTD) TM field pattern for a low (left panel) and a high (right
panel) azimuthal number. A much more prominent diffraction loss is observed in the field
pattern of the mode with lower azimuthal number. Hence, we may further improve the
sensitivity by operating the sensors in a longer wavelength range (i. e., smaller azimuthal
number), which, however, would lead to even lower quality factor and larger detection
limit.
So far, the experimental results discussed in this section demonstrated that, in princi-
ple, the rolled-up nanomembranes can be used as optical microcavities and optical sensor
prototypes. Enhanced sensitivity is achieved due to the subwavelenght feature of the fab-
ricated microcavities. The sensing mechanism of tubular optical microcavities is based
on the response of the evanescent field to changes in the refractive index near the surface
of the microtube wall. Thus, sensing functionality is studied by immersing the tube in
different liquids media. Mode shifts to longer wavelength with increasing refractive index
of the surrounding medium are well described by analytical calculations, and the exper-
imental data can be well-fitted by FDTD simulations. On the basis of the simulations,
we can unambiguously assign the modes and determine the sensitivity of the sensor. The
highest sensitivity measured in our experiment reaches 425 nm/RIU, which is higher than
previous results obtained from glass capillaries, where the reported low sensitivities (in the
range of 10 to 20 nm/RIU) are attributed to the relatively thick capillary wall (between 3
to 6µm) [16,97,101]. However, the substantial light loss due to the thin wall of rolled-up
microtubes also deteriorates the quality factor of the microcavity, resulting in a relatively
large detection limit, which could be improved by further optimization of the microcavity
structure (as we will demonstrate in a further section). Before discussing that result, in
the next section we study liquid sensing capabilities of the microtubes by uniquely filling
their inside instead of immersing them in a liquid medium.
6.3 Optofluidic Sensing with Microtubes Confining
Three-Dimensional Optical Modes
In the previous sections we have shown that tubular optical microcavities are interesting
structures for optofluidic applications. In contrast to other types of geometries, such
as microspheres or microdisks, tubular cavities possesses a hollow core which naturally
provides a built-in channel for potential microfluidic applications. Besides requiring small
volumes of analytes, microtubes exhibit good optical quality, high mechanical stability
and good compatibility with integrated microfuidic channels. In this section we explore
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dual use of the microtube as a sensor head and as a potential microfluidic channel by
inserting an aqueous salt solution into the tube core 2. The rolled-up microtube employed
in this section have enhanced quality factors with respect to those studied in the previous
section. High order axial modes are efficiently confined in the tube wall, even when the
tube is filled with liquid. At the end of this section we propose a sensing methodology
based on the axial mode spacing.
6.3.1 Optical Characterization of the Microtubular Cavity with
Three-Dimensional Optical Confinement
We used a microtube rolled-up from a circular-shaped bi-layer by using the rolled-up nan-
otechnology (see details in Chapter 2). The tube has a mean diameter of 5.3 µm and its
wall consists of a silicon-oxide bi-layer (8 nm SiOx and 30 nm SiO2) with a coating layer
of HfO2 (30 nm thick by ALD), which was performed in order to increase the refractive
index contrast of the system and enhance the structural stability of the microtube. Photo-
luminescence measurements (see PL setup in the Chapter 2) were performed to optically
characterize the tubular microcavity.
Figure 6.6 (a) shows a PL spectrum measured at one end side of the microtube. The red
curve represents the broad background emission of the silicon oxide material of the tube
wall [49–51]. In Chapter 5 we demonstrated that the grouped multiple peaks correspond
to high-order axial modes correlated to one azimuthal mode number. Moreover, we have
shown that a microtube rolled-up from circular pattern facilitates the creation of axial
modes through both axial confinement and by suppressing light leakage to the substrate
[79, 84, 102]. Structural variations along the tube axis locally enhance the confinement
of three-dimensional optical resonances with high-Q values. The mean Q value of the
axial modes is around 2000 which lies among the highest values reported in silicon-based
optical-active microtubes [56, 74,79].
In order to investigate the spatial dependence of the axial modes in the microtube, we
performed PL mapping along the tube axis (z-direction). The background-subtracted
PL intensity map is shown in Fig. 6.6 (b). The evolution of the spectral mode position
along the tube axis reflects the tube structure variation [30, 79]. The irregular evolution
of the azimuthal mode along the whole tube indicates an uneven tube structure. Unlike
the AMR, where 3D modes are found only at the big diameter end of the tube (see Fig.
5.2 (a) in Section 5.1), here the high-order axial modes were found to be localized at the
top side region (z between 18 and 27 µm) and at the bottom side region (z between -20
and -33 µm). High order axial modes were clearly resolved at the top region due to a
2 The results discussed in this section are part of a published work carried out at the IIN-Dresden [91].
My contribution in this paper was the preparation of the samples, PL spectroscopy measurements
of tubes, liquid filling of the tubes, discussion and analysis of the results and manuscript writing.
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Fig. 6.6: (a) PL spectrum showing several high-order axial modes resolved for each azimuthal
mode. The red corresponds to the broad background of PL emission. The inset sketchs the
measuring position. (b) Color-encoded (background-substracted) PL intensity map along the
axis (z) of the tube in the optical image. Efficient axial light confinement is observed at the top
and bottom end side of the tube, where discernible azimuthal modes shift with arched traces
as indicated by the dashed red curves. (c) Group of axial modes for a given azimuthal mode
(measured at z = 21µm). Triangles represent the calculated peak positions. (d) A localized
parabolic variation is modeled to formulate the axial potential confinement. The first eight field
distributions are plotted together in the potential curve.
better axial confinement compared to the bottom region. The discernible low-Q azimuthal
modes in those regions (the disseminated trace overlaps axial modes) reveal shifts with
parabolic-like traces as indicated by the dashed red and black curves.
In these narrow ranges near the end of the tube, only a variation in diameter (D) could
cause the arched evolution of the low-Q mode. To support this assumption, a theoretical
model, which was discussed in Chapter 3 and Section 5.3, was employed. However, in this
case the model is applied only locally by using a parabolic potential in the region where
axial modes are observed [45, 76]. The calculated axial modes peak positions and free-
spectral range are fitted to the experimental data by variation of the potential width and
depth (equivalent to changing the tube radius). We applied the local parabolic potential
to the top end region. The theoretical high-order axial modes positions are depicted as
the triangle markers in Fig. 6.6 (c). The peak positions were modelled by using the
axial potential shown Fig. 6.6 (d). The excellent agreement with the experimental results
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confirms the validity of the locally parabolic axial potential. Based on the fitting analysis,
it was found that the diameter of the tube varies by 1.8% (∆D = 95 nm) over the region
studied (z=18 to 27 µm). This variation is likely caused by slightly uneven rolling, due
to inhomogeneous strain in the relatively large membrane pattern which is ∼ 70 µm in
diameter. In the next subsection we explore optofluidic detection of this microtube by
filling its core with a liquid analyte.
6.3.2 Liquid-Core Optofluidic Sensing
The microtube characterized in the previous section is used for optofluidic sensing investi-
gations. For this purpose, we filled the hollow core of the tube with aqueous salt solution
(0.65 mg/l NaCl solution). This solution is selected because of its compatibility with
biological components. The refractive index of the solution n = 1.365 was determined
with an Abbe refractometer. The hollow core of the tube was filled using a pulled glass
capillary tip adapted to a microsyringe. The tube was filled by placing a droplet of the
liquid near an open end of the tube (see Fig. 6.7 (a)), allowing it to be sucked in by
capillary forces [103]. During the measurement process the capillary is not removed in
order to ensure that the tube is constantly filled with liquid. The capillary is placed close
to an end region of the tube and the spectral changes of the tube are measured at the
opposite region, as shown in the sketch in Fig. 6.7 (b).
The lower PL spectrum shown in Fig. 6.7 (b) corresponds to the background-subtracted
measurement of an initially empty microtube resonator. After infiltration of the salt
solution (upper PL spectrum in Fig. 6.7 (b)), the axial multi-modes are still present but
appear at the higher energy side of the spectra (modes with larger m) due to a weaker
optical absorption by tube wall materials. When the tube core is filled the refractive
index of the core increases, thus the microtube will emulate a solid cylindrical resonator
and more electric field of resonant light is pulled into the core [105,106]. As a result, the
effect of optical absorption in tube wall becomes weaker. In Fig. 6.7 (b) we notice that
axial modes were not resolved or were difficult to distinguish in the energy range below
2.1 eV when the salt solution was inserted. This was assigned to an increased optical
absorption by the salt solution in this energy range, as shown in Fig. 6.7 (c). From the
PL background emission spectrum we observed that after filling, the relative intensity of
the spectrum decreases by ∼ 25% at high photon energies (> 2.1 eV) and by ∼ 35% at
low photon energies (< 2.1 eV), as shown in Fig. 6.7 (d). These results clearly indicate a
strong optical absorption of aqueous solution in the low photon energy range where the
high-Q modes are quenched.
The presence of the liquid medium inside the microtube causes spectral shifts of the
resonant modes [74,94]. Usually, shifts of the azimuthal modes are monitored to estimate
the sensitivity of an optofluidic sensing device [99]. The triangle markers in Fig. 6.7 (b)
are the calculated spectral positions of the first axial resonant modes for the azimuthal
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Fig. 6.7: (a) Filling the core of a microtube with a liquid by using a glass capillary tip adapted to
a microsyringe. (b) Background-subtracted PL spectra of an empty microtube (lower spectrum)
and a tube filled with aqueous salt solution (upper spectrum). The azimuthal mode numbers as
well as the calculated mode positions of the first axial resonances are indicated for m = 39-42.
(c) Optical absorption of aqueous salt solution in the studied energy range (data taken from
Ref. [104]). (d) Intensity of the PL background emission of a microtube before and after solution.
numbers m = 39-42, for both empty core and filled core cases. By quantifying the spectral
peaks shift and considering the refractive index change of the core medium, a sensitivity of
83 nm/RIU is obtained by adapting Eq. (6.1) to this case: (λm,fluid−λm,air)/(nfluid−nair).
One should notice that this sensitivity is an average value since the equation assumes a
linear peak shift at the considered refractive index range nair to nfluid. However, as shown
in Fig. 6.4, within such relatively large range the peak position does not necessarily
present a linear variation. Thus, to obtain an accurate estimation of the sensitivity, we
calculate the evolution of the peak positions as the refractive index of the core medium
systematically increases, see the inset in Fig. 6.8 (a). From the previous calculations we
are able to obtain sensitivity values at small changes in refractive index ∆n where the peak
shift ∆λ is linear. By taking ∆ → 0, the evolution of dλm/dn is plotted in Fig. 6.8 (a).
The sensitivity increases from low to high refractive index due to higher evanescent field in
the core as the refractive index increases, this mechanism was mentioned in the previous
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paragraph. As an example, a maximum sensitivity of 160 nm/RIU can be achieved by
this sensor for m = 39 and around n = 1.36. Higher sensitivities were obtained in our
previous study, i. e. a tube surrounded by liquid (see Section 6.2), since the evanescent
field simultaneously probes the changes at the external medium and the core medium
of the tube, in contrast to the liquid-core sensor here studied. Nevertheless, the value
obtained here is comparable to the sensitivities reported for other hollow core optical
resonators based on evanescent field sensing [8, 17, 94, 98]. The ability to detect fluids in
the hollow core of micrometer sized tubes is well-suited to fabricate liquid-channel sensors
for picoliter volumes of diverse analytes.
Although in this study the mode line width is improved in respect to the case when the
tube is immersed in liquid, the lower sensitivity values produces a similar detection limit
(see Eq. (6.2)) of 2 × 10−3 RIU, which is several orders of magnitude lower in contrast
to the ∼ 10−7 RIU reported for optically-passive resonators [95, 100]. Detection limits
depend on the wavelength resolution of the optical setup, which is a limitation in optically-
active resonators. However, it is worth to note that this type of microcavity tends to be
simpler and more versatile and robust than sensing devices based on optically-passive
resonators, which require fragile optical components and complex optical setups to excite
modes in the cavities [107].
Fig. 6.8: Calculated evolution of the sensitivity as the refractive index of the medium inside
the tube core increases (for the azimuthal modes indicated in Fig. 6.7 (b)). (Inset) Meaured
peak positions and calculated variation of the peak positions. (b) Average axial mode spacings
(of spectra in Fig. 6.7 (b)) for empty tube (empty circles) and solution-filled tube (red circles)
as a function of the azimuthal mode number. The dotted lines are guides to the eyes. Empty
and solution-filled tube are illustrated in the insets.
As discussed in the previous subsection, several high-order axial modes can be resolved
in our sample due to a deep and narrow axial potential well. Detailed analysis of the
spectral axial mode spacing within each azimuthal mode number (δλm = λm,i − λm,i−1)
reveal a particular dependence. Figure 6.8 (b) shows a decrease of the average δλm with
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increasing azimuthal number m for both empty and solution-filled tube. This effect is
attributed to the wavelength-dependent axial potential well depth as well as refractive
index dispersion. Additionally, for a fixed m number we observe an increase of the axial
mode spacings after the filling process, opening an alternative liquid sensing methodology
for microcavities confining 3D optical modes. This sensing ability would complement
the traditional method of monitoring the spectral azimuthal mode shifts. The proposed
sensing scheme would be favourable, for example, in situations where some groups of
azimuthal modes are quenched due to the optical absorption of the analytes. Monitoring
of the mode shift would not be possible in such a case, however, if axial modes are present
in the remaining group of modes after change of the analyte, δλ would be helpful for
optofluidic sensing. Furthermore, a recent study showed that local perturbation on the
tube wall is reflected on the axial mode spacing [108], motivating further applications on
single particle or molecule detection [107,109].
To summarize this section, here we have experimentally shown that a localized diameter
variation of a rolled-up microtube, revealed by PL-mapping, provides an efficient axial
confinement for resonant light. Optofluidic detection is demonstrated by determination
of spectral shifts of the azimuthal modes when the tube core is filled with an aqueous salt
solution. In addition, a sensing methodology is proposed by monitoring the changes of
the axial mode spacings. Our work shows high potential for using rolled-up microtube
resonators in lab-on-a-chip devices. In fact, in the next section we will present a new type
of rolled-up microtube sensor, with enhanced quality factors, integrated into microfluidic
channels for lab-on-a-chip optofluidic applications.
6.4 On-chip Integration of Rolled-up Microtubes for Optofluidic
Applications
Integration of multiple microfluidic tasks on a single chip have stimulated a variety of ap-
plications in pharmaceutical detection and analytical science [110, 111]. Combination of
optically-passive ring resonators with fluidics have lead to, for example, label-free optoflu-
idic biosensors [3, 5, 112]. Whereas high resolution have been achieved with those optical
components, their integration with microfluidic channels is limited mainly due to their
relatively big size and to the complexity and fragility of the optical setup needed to excite
their optical modes.
In contrast, rolled-up microtubes stand as a good candidate to be integrated with mi-
crofluidics since they can work as an optically-active resonator and their inherent hollow
core can directly be employed as microfluidic channels. Moreover, due to their easy size
tuneability [29], they perfectly match the typical dimensions of microfluidic channels,
both in length and diameter, and thus are desired optical components for inclusion in
Lab-on-a-chip (LoC) optofluidic systems. LoC devices are demanded to be compact,
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versatile, and inexpensive; they should be label-free, handle small analyte volume, and
portable [110, 111]. Rolled-up microtubes integrated with microfluidics components po-
tentially meet these requirements. In this section we explore this integration on a single
chip for optofluidic applications 3. It is worth to point out that, as a proof-of-concept,
we already have studied the optofluidic (liquid-core sensing) capability of rolled-up mi-
crotubes. However, such a configuration is limited in liquid handling. Microfluidics tech-
niques straightforwardly overcome this problem and offer possibilities to perform inflow
sensing/detection of several analytes. In addition, microfluidic channels prevent sample
evaporation, and hence stabilize the emission spectra of a tubular optical sensor when a
liquid is placed into its core.
6.4.1 Optofluidic Microchip
The final optofluidic chip device pictured in Fig. 6.9 (a) consists of a microfluidic channel
system (Fig. 6.9 (b)) where the in- and outlets are bridged by integrated rolled-up mi-
crotubes, as shown in the sketch of Fig. 6.9 (c). Each of the six main fabrication steps is
displayed in Fig. 6.9. Overall, our fabrication strategy can be separated in two processes:
(i) the optic component (steps 2 and 3 in Fig. 6.9) and (ii) to the microfluidic component
(steps 1 and 4-6 in Fig. 6.9). The process (ii) was engineered and performed by Stefan
M. Harazim (member of the IIN, IFW Dresden. See details in his PhD thesis [113]). Here
we briefly describe process (ii) and concentrate on process (i).
Step 1: Preparation of the target substrate
Since we are employing an optically-active microtube as a sensor head, we selected glass as
the chip’s substrate so that the external excitation source can reach the optical resonator.
The glass substrate (D263T, Siegert Consulting e.K., Germany) has a square shape with
thickness of 500 µm, side length of 22 mm, and optical transmission of over 90% in the
emission wavelength range of the microtube’s material (400 to 800 nm). The four squares
shown in Fig. 6.9 (b) are marks for further alignment steps to fabricate the microfluidic
channels. These squares are obtained by e-beam deposition of Cr (10 nm thick).
Microtubular resonators will be transferred onto this substrate (this process is discussed
below in step 3). We have shown that diffraction losses to the substrate is a dominant loss
mechanism when a tube is in contact to the substrate. Thus, in order to hold and elevate
the microtubes, supporting structures are patterned on the substrate. These structures
3 The results discussed in this section are part of a published work carried out at the IIN-Dresden [74].
My contribution in this paper was the preparation of the microtubular samples, PL spectroscopy
measurements of tubes, liquid filling of the tubes, discussion and analysis of the results, analytical
calculations and partial writing and partial preparation of figures of the manuscript.
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Fig. 6.9: Flowchart for the main fabrication steps of the optofuidic chip device. (a) Upside-down
photograph of a finished optofuidic chip device. (b) Optical microscope image of microtubes
integrated into a microchannel system. (c) Illustration of the main components of the chip
device.
were fabricated by using a two-step photolithography process involving the photoresist
SU-8 10 (MicroChem, MA, USA). The first step produces 5 µm thick structures, where
both ends of a transferred microtube are supported. As a result, the middle region of the
tube avoids a direct contact to the substrate. The second step creates additional structures
(15 µm thick), which work as trenches for microtube alignment. The ensemble of both
structures form a so-called socket (fabrication details in [113]). Figure 6.10 (a) shows a
top-view microscope image of two sockets. The dashed line indicates the trench where the
transferred microtube will be placed. A tube onto the patterned sockets is illustrated in
Fig. 6.10 (b). The location, orientation and number of sockets can be chosen on demand,
depending on the intended application and size of the microtubes. In this particular case,
the length of the microtube is 200 µm, and therefore a distance between two sockets of
140 µm provides a stable support for the microtube.
Step 2: Rolled-up microtubular resonators
Similarly to the fabrication method discussed in previous sections and chapters, here
we employed the rolled-up nanotechnology to fabricate our microtubular resonators (see
details in Chapter 2). However, here two main variations were considered: (i) the geometry
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Fig. 6.10: (a) Top-view of microscope image of a pair of sockets fabricated to support a rolled-
up microtube. (b) Illustration of a microtube transferred onto the socket structures prepared
onto the chip substrate.
of the bi-layer, which rolls-up to form the tube, and (ii) the material conforming such bi-
layer. Related to variation (i), we adapted an U-shape pattern introduced in Ref. [45].
For variation (ii), the bi-layer consist of SiO2, instead of a combined SiOx/SiO2 bi-layer.
Creation of microtubes rolled-up from U-shaped SiO2 bi-layers have been studied in detail
elsewhere [28], where different deposition methods are discussed and, in general, excellent
yields of rolled-up microtubes are reported. Here, we preserve the fast/slow-rate depo-
sition method introduced in Section 2.2 by preparing a SiO2 bi-layer of 10 nm at 1.5
nm/s and 60 nm at 0.05 nm/s. During deposition, compressive stress is established in
each silicon dioxide layer [114], generating a highly strained SiO2/SiO2 bi-layer which is a
crucial condition in order to obtain self-assembled tubular microstructures. Reference [28]
shows that the bi-layer’s internal strain can be changed by varying the deposition rate
and bi-layer thickness. In our case, we have found that the previously given deposition
parameters produces hundreds of microtubes on a 10x10 mm2 substrate with diameters
of about 10 µm.
We have adopted an entire SiO2 bi-layer since the evaporation parameters of SiO2 are more
stable than those of SiOx. In addition, a single material simplifies the evaporation stage,
and SiO2 has a negligible absorption in the visible range with respect to SiOx [57, 58].
Moreover, due to a higher thermal coefficient (∼ 0.7 W m−1deg−1 for SiO2 vs. ∼ 0.3
W m−1deg−1 for SiOx [115,116], values for films of about 50 nm thick), a SiO2 microtube
wall supports high pump powers (> 18 mW, which is the limit of our laser setup) avoiding
heat dissipation problems, such as structural burning or optical quality degradation, which
otherwise occurs in SiOx/SiO2 tubes from pump powers > 0.5 mW.
The U-shape pattern is depicted in Fig. 6.11 (a). This pattern produces a rolled-up
tubular resonator that efficiently confines axial resonant light by means of a lobe in the
outside rolling edge (see Fig. 6.11 (b) and (c)). The tubular structure obtained from the
U-shape pattern, i. e. a bottlelike tube (see [45, 117]), is convenient for integration with
microfluidic channels since the middle of the tube, where the efficient axial confinement is
localized, is used as the optofluidic sensing component of the chip whereas the tube ends
are reserved to be linked with the chip’s microfluidic system. Additionally, such bottlelike
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tubes possesses subwavelength wall thicknesses and high-Q optical modes. As we have
previously shown in this chapter, those features are demanded for optofluidic sensing
purposes in order to obtain high sensitivities and satisfactory detection limit values.
Fig. 6.11: (a) Top-view SEM image of the employed U-shape pattern with a SiO2-based rolled-
up microtube (SEM images made by S. Harazim). (b) Magnification of the lobe structure of
the U-shape pattern. (c) Perspective SEM image of a bottlelike rolled-up tube. The lobe can
be distinguished in the middle of the tube.
Step 3: Optical characterization and transfer of microtubes
Before transferring the fabricated microtubes onto the chip’s substrate, we select the
resonators with outstanding optical features. The optical characterization was carried out
by a PL system, which is described in the Chapter 2. Figure 6.12 (a) shows a PL spectrum
measured at the middle of the tube’s lobe, i. e. the central position of the microtube.
After external laser excitation, the light emission from the tube wall is attributed to
defect-related luminescence of the amorphous SiO2 material [118]. It is worth to notice
that the tube is attached to the substrate only through two small segments located at
both ends of the tube, whereas the middle region is elevated so that light diffraction to
the substrate is avoided. This free-standing feature is achieved because the ”legs” of the
U-shaped bi-layer performs more rotations.
In the PL spectrum (Fig. 6.12 (a)) we can identify several grouped peaks, which cor-
respond to high-order axial modes correlated to one azimuthal mode number. In the
Chapter 5 we have discussed the origin of such high-order optical resonances in tubular
microcavities. In that chapter an AMR cavity was examined, in which the axial resonant
confinement mechanism was achieved by variations of the tube’s diameter and refractive
index along its axis. Here, in contrast, the confinement mechanism is produced by a local
variation of the winding number along the microtube axis [45]. As shown in the inset
of Fig. 6.12 (a), high-Q optical modes can be confined in such silicon-based bottlelike
microtubes. The mean Q value for first axial modes is around 2900, which was derived
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from the peak linewidth after fitting the modes with Lorentzian curves, and lies among
the highest values reported on optically-activate rolled-up microtube resonators [45,56].
Fig. 6.12: (a) Background-subtracted PL spectrum from a the middle part of a bottlelike tube.
The inset shows one resonant azimuthal mode with an associated series of axial modes. (b)
Deatachment process of a microtube from its mother substrate.
To transfer the microtubes we employ a glass tip mounted on a xyz micromanipulator.
The tip is obtained by pulling the ends of a glass capillary while heating a small region of
the capillary. In this way, the heated part is tapered until the capillary is separated in two
micro-sized needles, with diameters of < 5 µm and taper lengths of > 1 cm. The sequence
of optical microscopy images in Fig. 6.12 (b) depicts part of the transfer process. First,
the glass tip is maneuvered toward a selected tube by using the micromanipulator. To
avoid structural distortions and preserve the optical characteristics of the middle part of
the tube, the glass tip is aligned only to one side-end of the tube. The mother substrate
(i. e. where the tube is attached) was placed onto a computer-controlled xyz stage, with
100 nm resolution. With the tip in contact to a tube end, the stage is moved in the x−y
plane by steps of 1 µm until the tube is fully detached. Electrostatic forces strongly bonds
the microtube to the glass tip [119], so that the microtube does not fall down. Then, the
xyz stage is moved down and the mother substrate is replaced by the host substrate.
Afterwards, the stage is moved in x−y axes until the trench of the sockets, prepared in
step 1 on the host substrate, are aligned below the suspended tube. Finally the stage is
moved up and, once the tube-ends are located onto the sockets, the tube is released from
the capillary tip by slightly moving the stage in the x−y plane.
Thus, the developed tip assisted transfer method results in a highly accurate technique
for transferring and positioning single rolled-up tubular microstructures on virtually any
substrate or chip device. Since the tube lobe is un-affected during the transfer, the op-
tical quality and mode characteristics of the transferred microtubes are preserved [113],
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demonstrating a non-invasive transfer method. In contrast, a recently reported substrate-
on-substrate transfer method, which relies on a stamping process [77], might alter the
structural characteristics and optical properties of the microcavities. Additionally, stamp-
ing is limited to achieve a controlled positioning on the host substrate whereas the tip
assisted method provides a reliable approach to transfer tubular microcavities, with out-
standing optical properties, for further integration with photonic or fluidic components
on a multifunctional chip device. In fact, this tip assisted method have recently been
employed to integrate microtubes with tapered waveguides to passively activate optical
modes in the cavity wall [120]. As we have mentioned before, here we use this technique
to transfer microtubes in a controlled and selective fashion for a subsequent coupling with
a microfluidic system.
Step 4: Microtube fixing and preparation
The fabrication of the microfluidic system involves processes where viscous resist and
liquid solvents are employed, exposing the transferred tubes to be washed away of the
sockets. Moreover, during drying of the solvent, surface tension forces might affect the
structural integrity of the microtubes (see Section 2.4). Therefore, in order to mechanically
strengthen the microtubes and fix them to the sockets, a coating layer is deposited by
ALD. We are interested in retaining a thin microtube wall with low refractive index
contrast, so that the evanescent field strongly interacts with a liquid sample inside the
tube core. Thus 10 nm of Al2O3 is employed, coating the inner and outer surfaces of the
tube and fixing it to the sockets. In the Section 4.3 we have shown that ALD deposition
spectrally red-shift the optical modes; however, the selected thickness does not affect the
overall optical properties of bottlelike tubes (see Ref. [113] or detailed studies in Ref. [28]).
Once the tube is fixed, ultraviolet (UV) light protection caps are deposited over the
area where the microtube is supported by the sockets. This step is required to avoid
polymerization of photoresist inside the microtubes after exposure by UV-light, which
is used to pattern microfluidic channels in a photoresist film. The protection caps are
based on a Au layer sandwiched between Cr layers, which improves the adhesion of the
Au layer to metal oxides, such as the Al2O3 used to fixed the microtube to the sockets.
An additional thin SiO2 layer is needed on top of the protection caps to provide a good
adhesion of the subsequent photoresist channels [113,121]. In summary, the layers of the
protection caps are comprised of Cr/Au/Cr/SiO2 (5/50/5/10 nm, respectively), which
are evaporated by e-beam.
Step 5 and 6: Microfluidic system and final chip assembly
The microfluidic system is made of SU-8 10 photoresist, which is spin coated onto the
sample at 1500 rpm obtaining a 20 µm thick layer. The fluidic channels are created
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by patterning the photoresist with UV light photolithography (Section 2.1). To prevent
swelling of the resist upon contact with fluids, a final thermal cross-linking step was
performed at 180 0C over 10 minutes [122].
The photograph in Fig. 6.13 (a) shows the substrate of the optofluidic chip containing
the microchannel system, which is designed so that the filling process for each microtube
(in this case three tubes: # 1, # 2 and # 3) can be operated independently. In the pho-
tograph, three pairs of circular structures are highlighted. Those structures, each named
as coupling link (CL), are fabricated to access the inlet and outlet microchannels of an
integrated microtube. It is worth to note that with the current fabrication technique a
fluidic system which can access several tubes with a common inlet channel is permitted;
moreover, the creation of complex microchannel systems for sophisticated applications
where, for example, intricate fluidic handling is demanded [123] can be realized. Figure
6.13 (b) depicts a zoomed-in top-view optical microscope image from the center of the
substrate. Each microtube bridges an inlet and outlet channel, which are highlighted as
their correspondent CL. In the zoomed-in image, an additional channel can be observed
crossing the middle part of the three microtubes. This channel contains the media sur-
rounding the tube lobe and, if required, might be pumped with a fluid independent from
that of the tube core. Thus, our fluidic design is flexible to pump analytes only inside
or outside the tubes, or pump different liquids simultaneously inside and outside. Here
we concentrate on the investigation of liquid pumping inside the tubes, since we are in-
terested in using microtubes both as a microfluidic channel as well as an optical sensor
component.
The optofluidic microchip is finally assembled by sealing the top of the microfluidic system
with a polymer lid, which is separately fabricated from the fluidic system and consist of
a polydimethylsiloxane -PDMS- (Sylgard 184 Silicone Elastomer KIT, Dow Corning, MI,
USA) mixture (1:10). Pin holes are created in the PDMS lid, before bounding it the to the
microfluidic system. Those holes are drilled with a cutting needle matching the positions
of the holes to each CL on the chip structure. Details of the fabrication and mounting
of the PDMS lid are presented in Ref. [113]. Figure 6.13 (c) exhibit a photograph of the
final chip with a pair of tubings (inlet and outlet of a microtube) plugged into the pin
holes of the PDMS lid.
6.5 Optofluidic Microchip: Liquid/Refractrometer Sensor
In this section we explore a sensing application of the optofluidic chip device by sequen-
tially pumping several liquids with different refractive indices into the chip and monitor-
ing the spectral-mode shift of a chip-integrated optical microtube when the liquids flows
through its core. The PL spectra results discussed in this section are measured at the
central spot of the microtube’s lobe, where efficient axial confinement of resonant light is
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Fig. 6.13: (a) Overview of the optofuidic chip’s substrate with the fabricated microchannel
system and the coupling links. (b) Zoomed-in view of the three integrated microtubes. The
colored channels are connected to the corresponding coupling links with the same color. (c)
Final chip with the assembled PDMS lid and a pair of tubings reaching an inlet and outled
coupling link.
localized.
The working principle of our microtubular optofluidic sensor is based on the interaction
of the evanescent field of optical modes, confined in the tube wall, with the liquid media
inside the tube. Although we already have discussed a liquid-core sensing application in
rolled-up microtubes, the implemented microfluidic system offers a controllable and effi-
cient liquid-core handling platform. Plenty of advantages from microfluidic technology,
attractive in analytical science, are obtained by using this system. For example, several
fluidic analytes can be implemented in a row and in small volumes with out risk of evap-
oration; analytes can be mixed in the microchannels, and sensing/detection of analytes
might be performed while the liquid is flowing through the microtube’s core.
Fluids are pumped into the chip’s microchannels by using syringes connected to tubing
(polytetrafluoroethylene (PTFE) tubing with an outer diameter of 0.9 mm), which are
plugged into the PDMS lid. The inlet tubing are previously filled (with the fluids of
interest) before plugging them into the PDMS lid. The fluids are driven in and out of
the chip device by applying positive and negative pressure in the inlet and outlet tubing,
respectively. The pressure is established by displacement of the syringes plunger, and
can be exerted manually or via a computer-controlled syringe driven device (neMESYS,
Cetoni GmbH, Germany). The pumping velocity can be tuned between 0 to 2 µl min−1
by software.
The employed liquids are deionized water (DI water), phosphate buffered saline (PBS)
solution, and solutions of PBS-glucose diluted at three different concentrations. Those
liquids are selected because of their compatibility with biological systems; particularly
PBS is widely used in cell culturing. The refractive indices of the utilized liquids were
determined using an Abbe Refractometer (see subsection 2.6.2), and their values are
tabulated below:
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Refractive Index Refractive index change
Liquid (RIU)∗ in respect to previous
liquid (10−4 RIU)
DI water 1.3330 -
PBS 1.3345 15
PBS + 100 mM glucose 1.3369 24
PBS + 200 mM glucose 1.3394 25
PBS + 500 mM glucose 1.3472 78
∗refractive index units
Sensing Capabilities
To initially evaluate the liquid sensing capabilities of the optofluidic chip device, DI water
was pumped into the core of an empty (air-filled) tube. As we have shown in this chapter,
when a fluid is introduced into the tube, the spectral peak positions of the resonant modes
change. Details of the spectral changes in the PL spectrum before and after liquid filling
are plotted in Fig. 6.14 (a). A spectral red shift is obtained after liquid filing due to
the higher refractive index of the new media. This phenomenon can be deducted from
the resonance condition (Eq. (3.23)): the effective refractive index of the system increases
and, in compensation, the mode wavelength must increases so that the resonance condition
can be maintained. Precise monitoring of the spectral shift is difficult to realize mainly
because of the remarkable difference of refractive index among the employed filling media
(air and DI water). Thus, in order to quantify the spectral shift, analytic calculations
based on Maxwell’s equations were carried out4 (See Chapter 3). As a result, a red shift of
11 nm is obtained after changing the microtube’s content from air to DI water. Thus, the
optofluidic sensor can work as a liquid detector with a relatively large spectral shift, which
is obtained due to the pronounced change in refractive indices (∆n) between air and DI
water. The sensitivity of the device should be evaluated when ∆n induces a spectral shift
that can be monitored. For this reason, we investigate below the response of the device
after pumping liquids with refractive indices close to that of DI water, which is used as
reference analyte for the spectral peak shift.
Another notable phenomenon is observed in Fig. 6.14 (a). By using a linear polarization
setup we determined that without liquid only TM polarized modes are confined inside the
tube wall, whereas a new group of modes, identified as transverse-electric TE polarized
modes, appears when the tube core is filled with liquid. These results are contrary to
4 In Section 6.2 the model is detailed applied in order to obtain the spectral shifts. The model requires
input parameters, such as tube diameter, wall thickness, refractive index of the tube wall, e.t.c.,
which are provided in the previous section.
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the observations when a tube in completely immersed in liquid (see Section 6.2). For the
present case, TE modes emerge because of a weaker optical absorption in tube wall; i. e.
when the tube-core is liquid-filled, the electric field is pulled into the tube core, thus the
TE modes are confined close to the interface of tube wall-liquid medium [105,106]. In the
next chapter we present preliminary sensing applications employing TE modes, instead of
the usual method of monitoring TM modes. However, we should remark that TE modes
are difficult to resolve due to their strong diffraction nature [55]. For this reason, here we
concentrate in monitoring the spectral shift of the TM modes.
Fig. 6.14: (a) PL emision from a chip-integrated microtube without liquid inside its core (upper
spectrum) and when DI water is pumped into its core (lower spectra). The presence of liquid
shifts the resonant modes to longer wavelengths and enhances the confinement of TE modes.
(b) Peak position stability when the tube core is filled with DI water. The initial peak position
(at time = 0) is set as reference.
Sensor’s Performance
According to the resonant condition, the spectral shift is not only sensitive to refractive
index changes near the microtube’s surfaces, but it also depends on possible variations
in the tubular diameter [8, 67]. In order to probe the changes in the tubular diameter
over time, we studied the stability of the signal by using a static solution of DI water
inside the tube core and recording the peak position of the most intense peak for each
group of TM modes (azimuthal mode numbers m = 62, 63 and 64). The PL spectra was
monitored over 2 hours, as shown in Fig. 6.14 (b). The first measurement is set as the
reference peak positions (λ = 0 nm at time =0 for each m). The peak positions are very
stable over time and their variation in wavelength corresponds to a standard deviation σ
between 0.09 and 0.11 nm.
In order to simultaneously study the stability and reproducibility of the sensor’s response
(peak position in time or sensorgram), a sequence of two different liquids (DI water and
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PBS) was pumped through the microtube core. The filling of the liquids was performed
by using the inlet tubing, which was first prepared with four segments of PBS (each
of 2 µl) and then two segments of DI water (each of 2 µl). During the preparation of
the inlet tubing, segments of air (2 µl) are added after each liquid (PBS or DI water)
segments. These air segments prevents mixture of the employed fluids, and prepare the
microtube core for a new media. The two DI water segments are first pumped at a rate
of 1 µl min−1, resulting in an average peak position of 688.35 nm wavelength, as shown in
Fig. 6.15. Since PBS has a higher refractive index than that of DI water, a spectral red
shift is expected when PBS is replaced by water. Using the resonant condition, the shift
should be smaller than the value of the free spectral range (FSR ∼ 10 nm) due to the
small difference in refractive index between the two liquids (∆n = nPBS−nDI = 15×10−4
RIU). Thus, the peak shift can carefully be followed to the longer wavelengths. In this
investigation we selected the most intense peak of a group of TM modes. Once PBS is
pumped (rate of 1 µl min−1) through the core of the integrated microtube, systematic PL
measurements are obtained at time intervals of 1 or 2 minutes. We observed a reproducible
peak red-shift to an average wavelength value of 689.67 nm. Noticeably, the peak position
is independent of the flow velocity or the delay time between each segment, proving that
the sensor’s response is stable to changes in the flow speed and, therefore, to changes in
the in-tube pressure.
Fig. 6.15: Sensorgram when two different liquid medium are pumped through the core of the
chip-integrated microtube sensor. The pumping velocities of each liquid are displayed at the top
of the graph. The inset depicts the blue-shift observed as the inner surface of the tube gradually
dries out.
A remarkable fact was repeatedly measured when the air segments were pumped (white
coloured regions in Fig. 6.15). Once the tube’s core is evacuated of the liquid media (i. e.
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DI water or PBS) and air is flowing into the core, the spectral peak positions sequentially
drifted to shorter wavelengths, as depicted in the inset of Fig. 6.15. This spectral blue-
drift is attributed to a dynamic desorption process of liquid molecules from the tube’s
inner surface, as systematically studied in Ref. [61]. In brief, right after evacuation of a
liquid, a molecular layer of such liquid covers the tube’s inner surface due to chemical
bonds among the involved materials. Over time, the excess of molecules are gradually
released from the tube’s surface, decreasing the thickness of the molecular layer until the
layer reaches a stable thickness, which depends on the ambient conditions. The decrease
of the molecular layer is observed as a continuous blue-shift on the spectral peak positions.
Thus, this phenomenon indicates that the optical resonances in microtube cavities can
be employed to study molecular kinetics near the tube surfaces, as demonstrated and
discussed in Ref. [61].
We evaluate our optofluidic sensor in terms of its sensitivity and detection limit. For
the employed fluids, we obtain a sensitivity (see Eq. (6.1)) of S = 880 nm/RIU which
is significantly higher than those values reported for rolled-up optical resonators (see
Ref. [94] and the S values obtained in previous sections of this chapter). The relative thin
tube wall (about 210 nm) with respect to the wavelength of the optical modes favours this
high sensitivity value, because it allows the evanescent field of the mode to widely spread
outside the microtube wall [16]. We evaluated the sensitivity of another chip-integrated
microtubes, obtaining outstanding values ranging from 472 to 880 nm/RIU. Besides the
high sensitivity, the high optical quality (thin line with) of the optofluidic component
is convenient to detect small changes occurring near the tube surfaces. Detection limit
(see Eq. (6.2)) values ranging from 6.4×10−4 RIU to 3.4×10−4 RIU are obtained by
using sensitivities S = 472 nm/RIU to S = 880 nm/RIU and σ = 0.1 nm, where σ is the
standard deviation of the signal stability (see Fig. 6.14(b)).
To compare the performance of our sensor with other experimentally demonstrated liquid-
sensor optical resonators, Figure 6.16 display their reported sensitivity and detection limit
values. The optical confinement mechanism of the considered microcavities is based on
WGMs, which might be activated both via evanescent coupling or via PL emission of
an active material in the resonator. In the figure, the potential on-chip integration of
the microcavities with microfluidic systems are evaluated considering their cross-section
size and the robustness of their optical setup. Based on the evaluation chart in Fig.
6.16 we conclude that our optofluidic microcavity offers an outstanding on-chip integra-
tion capability, a competitive sensitivity, and relatively good detection limit taking into
account that we used an optically-active resonator. However, by setting an alternative
optical setup, rolled-up optical microtubes with remarkable Q-factor (1.5×10−5) can be
obtained [124]. Enhancement in Q-factor is expected to favor the detection limit to values
competitive with other liquid sensors, but the need of tapered fibers limits their integra-
bility due to a quite fragile and complex setup. Thus, our optical sensor is appropriated
for a portable, robust and sensitive optofluidic chip device.
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Fig. 6.16: Summary graph of sensitivity, detection limit, Q-factor and cross-section range of
experimentally demonstrated liquid-sensor optical resonators (Refs. a∗ = [100], b∗ = [125], c∗
= [92], d∗ = [17], e∗ = [6], f∗ = [95]).
Sensing Multiple Analytes
In another experiment, several fluids were pumped into an integrated sensor microtube
using a sequence of DI water, PBS, and solutions of PBS with glucose at different molar
concentrations (100, 200, 500 mM). Similar to the previous case, the fluids in the inlet
tubing are separated by segments of air. In addition, the spectral peak positions for the
first fluid (DI water) is set as reference. Figure 6.17 (a) depicts the peak-shift of the
first-order axial mode of an TM polarized azimuthal mode, as the refractive index of
the pumped liquid increases. The mode-shift follows a linear-like behaviour up to the
solution labeled as 100 mM (PBS with 100 mM glucose). From this liquid, the peak-shift
presents a saturation like evolution at higher concentrations of the pumped solution. The
saturation behaviour is proved by analyzing the relative peak shift,
∆λ
λa
where ∆λ = λb − λa, being λa and λb the peak position when the liquid ”a” and ”b”
is pumped into the tube core, respectively. An useful relation for the previous equation
can be obtained from resonant condition (see Eq. (3.23)), i. e. one get mλa = naL and
mλb = nbL for fluid ”a” and ”b”. If we assume that the liquid ”b” has a higher refractive
index than that of liquid ”a”, i. e. nb > na, a red shift is expected⇒ λb > λa. Thus, from
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the resonant condition we get that λb − λa = (nb − na)L/m = ∆nλa/na, or
∆λ
λa
=
∆n
na
(6.3)
The above relation states that the relative peak shift is a parameter which is expected
to be proportional to the relative variation of the effective refractive index, and is in-
dependent on the wavelength λ and on the azimuthal mode number m. Figure 6.17 (b)
plots the experimental values of the relative peak shift and compare them with the values
estimated for the relative variation of the effective refractive index (∆n/n), where the ef-
fective refractive index is calculated using the method discussed in subsection 3.2.5. This
plot demonstrates a satisfactory agreement up to the 100 mM solution and confirms the
saturation-like behaviour for higher concentrations.
We speculate that beyond a concentration of 100 mM, the dissolved glucose molecules
accumulates on the inner tubular surface even though the solution is flowing in the tube
core. As a consequence, the sensing capabilities of the optofluidic sensor are deteriorated
because the accumulated glucose forms a relatively thick layer, which limits the penetra-
tion of evanescent field. In the present experiment, the effect of glucose accumulation
can not be avoided because of the selected concentrations. However, we emphasize that
if we use liquids which do not alter the surface properties of the microtube wall, such as
organic solvents [16, 92], the linear behaviour of the sensor may be extended to a wider
range of refractive indices.
Fig. 6.17: (a) Evolution of the peak position of a resonant mode with respect to the peak
position when water is inside the tube, as the refractive index of the pumped solution increases.
(b) Plot of the relative peak shift supporting the saturation-like behaviour observed in (a).
Glucose Layer Detection in the Tube’s Inner Surface
Our interpretation of an accumulated glucose layer is supported by optical images of the
integrated microtube and the spectral characteristics of their optical modes (after the
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sequence of PBS solutions finished their passage through the tube core). Once the last
solution (PBS with 500 mM glucose) was pumped, the sample is stored under ambient
conditions until the tube core is dried. The optical microscope image in Fig. 6.18 (a)
shows material residual of dried glucose inside the microtube. Presence of glucose can be
distinguished by comparing the middle region of a tube after the glucose solution with
the middle region of an as-prepared tube (a clean tube), see images in Figs. 6.18 (b)
and (c). In addition, in these figures we observe that the characteristics of the optical
modes of those structures are quite different. While the clean tube shows typical features
of confinement of high-order axial modes (discussed in Chapter 5), the tube with dried
glucose depicts a rich variety of resonant peaks.
Fig. 6.18: (a) Optical microscope image of a microtube after resudial solution of the PBS 500
mM dried inside the tube core. (b) Dark-field microscope image of the central part of a tube
with dried glucose inside and (c) no glucose inside (”clean” tube). Below of each image the
correspondent PL spectrum measured at the tube lobe.
Linear polarization measurements permits to separate TM and TE modes, finding a pat-
tern of grouped modes for each polarization (see Fig. 6.19 (a)). Each group of peaks
corresponds to an azimuthal resonant condition, identified with the mode number m. As
shown in Fig. 6.19 (b), the average peak spacings (δλm, within an azimuthal group m)
is around 2.03 nm and 2.82 nm for TM and TE polarization, respectively. These val-
ues are significantly higher than those obtained from an as-prepared rolled-up bottlelike
tube: δλm ∼ 0.7 to 0.9 nm, both for TM and TE modes. Thus, we attribute the new
spectral peaks to high-order radial modes [16] (due to a thicker tube wall, see sketch in
Fig. 6.19 (c)). Alternatively, the new pattern of the optical modes might be assigned
to whispering gallery modes confined in the glucose layer [106], additional to the modes
confined in the original tube wall. The glucose layer is expected to have a higher refractive
index (n = 1.56 for crystalline sugar) than that of the original tube wall (nwall ∼ 1.46),
thus the presence of the glucose in the tube wall pulls the electrical field is into the tube
core and TE modes can be efficiently confined. We performed a cross-section cut of the
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tube in order to observe the distribution of the accumulated glucose inside the tube. In-
stead of a homogeneous layer, we observed agglomerates of dried glucose [113]. Thus,
further detailed experiments and computer simulations are needed in order to elucidate a
conclusive understanding of the optical modes of a microtube with a dried glucose layer
inside its core.
Fig. 6.19: (a) Normalized-intensity PL spectra from a tube with dried glucose on its inner
surface. The middle and lower pannel corresponds to TM and TE polarized modes, respectively.
(b) Group of modes associated to one azimuthal mode number (dotted region in (a)). (c)
Illustration of high-order radial modes confined in a tube wall with a dried glucose layer.
In conclusion, in this section we have demonstrated an optofluidic chip device, which was
realized by on-chip integration of optical microtubes with a microfluidic channel system.
Even though the integration approach was developed for rolled-up microtubes, e. g. the
transfer process; the engineered technology paves the way to integrate other types of
optical microstructures in a controllable and versatile fashion. Moreover, the developed
method was proven to be non-invasive in the sense that the optical characteristics of the
as-prepared microtubes were preserved after the integration process. The employed SiO2-
based rolled-up microtubes, with a bottlelike geometry, efficiently confines 3D optical
modes with high-Q values (Q ∼ 2900). Preservation of the enhanced Q values and the
subwavelength wall thickness favors highly sensitive detection. Considering the cross-
section size of the tubes (diameter ∼10µm) and the size of the laser spot (∼1µm) on the
tube axis, the sensor is well-suited to detect picoliter volumes of diverse analytes. This
might be achieved with the aid of the designed microfluidic system, which allows precise
handling of liquids into the integrated microtubes.
Among the potential applications of the optofluidic chip device, a liquid sensing function-
ality was investigated. The integrated microtubes can detect refractive index variations
of liquids flowing into its core with outstanding sensitivities and detection limit values.
A reliable performance of the chip device was demonstrated and its re-use is limited to
samples which do not modify the structural properties of the sensor. Although in our ex-
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periments we concentrated on monitoring the response of the optical modes when a liquid
enters into the tube core, with another perspective we can recognize a different application
by using the same experiment: a mechanism to tune and reconfigure the optical modes of
an integrated optical microcavity component. Such a control mechanism is not trivial to
be obtained at the micrometer scale and is demanded in photonic integrated circuits. The
optical capabilities of a single glass microtube and the integration technology open new
applications such as label-free sensors, integrated dye lasers or on-chip flow cytometers as
stand-alone devices or additional components in existing lab-on-a-chip devices.
Miren alla´, donde el viento es
ahora tan manso que se queda a
dormir debajo de las camas
-Juan Rulfo
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Conclusion and Outlook
7.1 Conclusion
This work contributes to the development of rolled-up optical microtube resonators and
their optofluidic applications. The essential processes to obtain self-assembled rolled-up
microtubes were presented in detail. In particular, we discussed the incorporation of the
top-down and bottom-up approaches of the rolled-up nanotech to fabricate silicon-oxide-
based optical microtubular cavities. FDTD simulations were implemented to numerically
investigate the light confinement in the optical microcavities and to describe the exper-
imental results. Additionally, a theoretical framework based on a wave description was
concisely given and was employed for modeling optical modes in microtubular resonators.
The theoretical treatment was crucial to support and elucidate the experimental findings.
Using micro-PL spectroscopy at room temperature we investigated the properties of the
optical modes in rolled-up microtubes. The dependence of those modes on the structural
characteristics of the tube, such as wall thickness and tube diameter, were examined.
The microtubes present a subwavelenght wall thickness feature (the wavelength of the
confined modes is smaller than the tube wall thickness), which is convenient for the
optofluidic sensing applications pursued in this work. The optical quality of the modes
showed satisfactory values considering that we worked with optically-active microcavi-
ties (cavities operating in emission mode). Moreover, since the refractive indexes of the
employed microcavities are quite low compared to other type of optically-active micro-
cavities, the obtained Q-factor values are remarkable. The main light losses mechanisms
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were discussed, where the light losses to the substrate was found to be the main limiting
factor for as-prepared microtubes, supposing that no voids are embedded in the tube wall.
Precise spectral tuning of the optical modes was achieved by two post-fabrication methods.
First, we discussed a tuning approach by ALD-coating which permits the adjustment of
the modes positions over a wide spectral range. Second, we explored a tuning method
by changing the morphology of the microtubes. This change was achieved by deposition
of material uniquely on top of the external surface of the tube. Besides the possibility
of mode tuning, with the second method we suggested a technique to detect small shape
deformations (at the nanometer scale) in an optical microcavity. The first tuning method
was found to have an additional effect. Since ALD offers a conformal coating of the tube
wall, a thicker tube wall was found to be able to overcome diffraction (bending) losses and
therefore confined additional optical modes, which presented a linear polarization-nature
perpendicular the optical modes previously reported in the literature. Here we were
able to demonstrate the coexistence of TM and TE modes in tubular optical resonators,
maintaining the subwavelength wall thickness characteristic of rolled-up microtubes.
The subsequent development in this work was on account of a novel rolled-up tubular mi-
crostructure which enhanced the confinement of resonant light. We introduced a conical
shaped asymmetric microtube resonator (AMR), which was fabricated when a circular
shaped bi-layer rolls-up in a slightly odd fashion. In particular, the AMR cavity showed
efficient confinement of 3D optical modes, i. e. confinement of resonant light along the
three-dimensions of a cylindrical object (the radial, the azimuthal and the axial dimen-
sion), with enhanced Q-factors and a localized feature, realized by virtue of variations of
the tube diameter and tube’s wall refractive index along the tube axis. We demonstrated
that suppression of diffraction losses in as-prepared AMR benefits the observation of 3D
high-Q optical modes.
We explored optofluidic applications of rolled-up optical microtubes, particularly detect-
ing liquids with different refractive indices. Rolled-up microtubes provide unique prop-
erties for sensing purposes. For instance, their subwavelength wall thickness enable rela-
tively long-ranging evanescent fields which simultaneously probes the media in the tube
core and the external media surrounding the tube. In addition, their inherent hollow core
can act as a fluid channel and their enhanced Q-factors favors highly sensitive detection.
Three methods were employed to investigate optofluidic applications. First, we studied
liquid sensing by immersing an optical microtube in different liquids. We have shown
that optical modes with low azimuthal number are more suitable to detect changes near
the tube wall due to a relatively weak light confinement. Next, optofluidic functionality
was demonstrated by uniquely filling the core of a microtube with a liquid solution. A
microtube with efficient confinement of 3D optical modes was employed, allowing a new
sensing methodology by monitoring changes of the axial mode spacings. That work took
a step towards the capability of using rolled-up microtubes both as optical sensor and as
microfluidic channel. Finally, microtubes were successfully integrated with a microfluidic
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network channel to investigate liquids in flowing conditions. The integration technology
showed a breakthrough on the fabrication of optofluidic chip devices. We produced a
device that allows precise liquid-handling into the core of integrated optical microtubes
with high-Q modes. Outstanding sensitivities and detection limits were obtained for such
chip devices, promoting their utility for further optofluidic investigations.
In summary, in this work we presented the fabrication of rolled-up optical microtube
resonators. We investigated and controlled the confinement of optical modes in such
tubular microcavities. In general, the spectral positions of the experimentally observed
optical-resonances were well supported by theoretical calculations and FDTD simulations.
Optofluidic applications were studied to demonstrate a chip sensor device capable of
detecting refractive index changes of small volumes of liquids.
7.2 Outlook
The work presented in this thesis provides a wide platform for promising further investi-
gations. From the perspective of deeper exploration of the optical properties of rolled-up
microtubes, optical gain of the silicon material of the tube wall can be investigated. For
such studies the Q-factor of the resonator should be improved. One approach to produce
higher Q values is to activate the optical modes in a passive excitation fashion [54, 124].
Silicon-based bottlelike microtubes has recently been studied under passive excitation.
Although high-Q factors were expected, it was found that void defects in the tube wall
strongly limit the Q values [120]. Thus, additional experimental work has to be done to
improve the Q-factor in silicon-based rolled-up optical microtubes. Besides the possibility
of study optical gain, a microcavity with high Q-factors is demanded towards enhanced
detection limits in label-free optical sensors.
In the application context, the demonstrated optofluidic chip device is still in its infancy.
Additionally, the fabrication process requires profound technological breakthroughs in or-
der to eventually achieve a stand-alone device which can offers laboratory performances,
where the pump source can be included on-chip and the analysis can be directly read-
out from the device: an envisioned lab-on-a-chip device in which the sensing head is
an integrated rolled-up optical microtube. Nonetheless, the fabricated optofluidic chip
device offers a variety of promising advantages on which future studies can be imple-
mented towards on-chip label-free bio/chemical sensors, on-chip optofluidic lasers, optical
modulation, and highly sensitive chip devices (for example, sensors combining hybrid
photonic-plasmonic modes [126]), to name a few. Below, we present a preliminary study
which extend the possibilities of our chip device.
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Enhanced Sensing Capability
We have studied that rolled-up microtubes can simultaneously confine two orthogonal
polarized optical modes, transverse magnetic (TM) and transverse electric (TE) (see Sub-
section 4.3.1 and Section 6.5). Due to the different nature of both polarization states, they
have been used to probe conformations and orientations of molecular self-assemblies [127],
or explored to achieve optical resonators with higher sensitivity [17].
This experiment examines the sensing response of microtubes which efficiently confines
both TM and TE polarized optical modes. For this purpose, a sequence of liquids are
pumped through the core of a microtube integrated in a optofluidic chip device (see details
in Section 6.4). The employed liquids are DI water, ethylene glycol, and different solutions
of DI water combined with small volume fractions of ethylene glycol. Here we selected
glycol due to its physico-chemical properties under room conditions. Glycol is consider a
clean substance in the sense that glycol molecules, which eventually adhered to the tube’s
inner surface, are expected to evaporate after evacuation of the glycol solution (i. e. solid-
ification of glycol molecules is not expected). We have shown that material solidification
influences the tube’s optical modes (see glucose solution accumulation discussed in Sec-
tion 6.5), and its is preferred to avoid modification of the inherent characteristics of the
resonator since the sensing mechanism is based on the response of the optical modes.
The sensor head of our optofluidic chip device is an integrated SiO2 microtube with bot-
tlelike geometry (see Subsection 6.4.1). The optical modes are measured at the middle
part of the tube’s lobe and this position is retained during the entire experiment. The PL
spectrum in Fig. 7.1 (a) depicts several groups of modes which can be differentiated by
their polarization nature. As discussed in Chapter 5, an azimuthal mode number is corre-
lated to each group of peaks, which correspond to high-order axial modes originated at the
tube’s lobe. A PL-polarization setup reveals two sets of grouped peaks, perpendicular to
each other, and with linear polarization: TM and TE modes. The microtube and the po-
larization setup are carefully configured such that 0 ◦/90 ◦ indicate light emission linearly
polarized perpendicular/parallel to the tube axis. Figure 7.1 (b) display a color-encoded
map of the background-subtracted PL intensity as a function of the emission wavelength
and the angle, with respect to the tube axis, of the linearly polarized modes. For each
angle, the PL intensity is normalized to its strongest mode. The employed microtube
(diameter ∼13µm) simultaneously supports TM and TE polarization states, indicating a
relatively thick wall [40].
The refractive indices of the utilized liquids were determined by an Abbe Refractometer
(see subsection 2.6.2), and their values are given in the following table:
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Refractive Index Refractive index change
Liquid (RIU)∗ in respect to DI water
(10−3 RIU)
DI water 1.3330 -
DI water + 5% glycol 1.3386 5.6
DI water + 10% glycol 1.3434 10.4
DI water + 15% glycol 1.3487 15.7
∗refractive index units
Each liquid is pumped (2 µl in volume) through the microtube core, starting from the
liquid with the lowest refractive index and following a sequence with ascending refractive
index values. Air segments are pumped after each liquid in order to evacuate it and avoid
mixture among the sample liquids.
Fig. 7.1: (a) PL emission from a chip-integrated microtube, which provides efficient axial
confinement of resonant light for both TM and TE polarizations. (b) Color-encoded PL peak-
intensity as a function of the polarization angle of the mode with respect to the tube axis
direction (tube axis = 90 ◦). (c) Evolution of peak positions for TM and TE modes as the
refractive index of the medium in the tube core increases. (d) Simulated electric field patterns
of TM and TE modes confined in the wall of a rolled-up microtube.
Figure 7.1 (c) plots the peak shift with respect of the refractive index of the pumped
liquid. The peak position when DI water is inside the tube is selected as reference (i. e.
peak shift = 0). The Fig. 7.1 (c) depicts the evolution of the first axial mode within
an azimuthal mode number for the TM and TE polarizations case, where the TE peak
clearly reveals a higher shift than the TM peak. In particular we observed a shift ratio
among the TE and TM polarizations of ∆λTE/∆λTM = 1.8. This, as discussed below,
can be directly related to the polarization nature for each case. We noticed that at the
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considered refractive index range the peak shift follows a linear-like behavior, in which
the slope of the fitted line corresponds to the sensitivity (see Eq. 6.1) with values of
STE = 240 nm/RIU and STM = 130 nm/RIU for the TE and TM peak, respectively.
Concerning the difference of peak shift for each polarization case, we performed two-
dimensional FDTD simulations to elucidate the observed phenomenon. Figure 7.1 (d)
shows the simulated electric field pattern of the TM and TE modes (tube in air and
m = 40 for both cases), where only a region of the tube’s cross-section is depicted for sake
of simplicity. We observe that the evanescent field of the TE mode is more prominent than
that of the TM mode. This particularity of the TE mode is inherent to its polarization
nature, since its electric field is discontinuous at the interface between tube wall and the
media in- and outside the tube. In fact, such a property of the TE modes is unfavorable
in thin-walled microtubes because it results in great loss (or weak confinement) due to
light diffraction, see Subsection 4.3.1. However, once TE modes are efficiently confined in
thin-walled microtubes, they can provide enhanced sensing performance demonstrating
the feasibility of using these optical microcavities as components for optofluidic sensor
applications.
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A
A.1 Spatial Discretization
Without loss of generality, wei show here the numerical method to solve Eq. (3.38) and
indicate the discretization of Eq. (3.39). Thus, Eq. (3.38) can be discretized to
Fi+1 − 2Fi + Fi−1
h2
+ (ni k)
2Fi = (neff k)
2Fi
where h = xi+1 − xi is the step size. The eigenvalue problem, MF = ξF, of the previous
equation in matrix form is written as,
(nA k)
2 − 2
h2
1
h2
0 ·
1
h2
(nB k)
2 − 2
h2
1
h2
·
· · · ·
· · 1
h2
(nN k)
2 − 2
h2


FA
FB
·
FN
 = (neff k)2

FA
FB
·
FN

A standard eigenvalue solver (ARPACK in MATLAB) can be used to solve the problem
and determine neff as the maximum eigenvalue.
For Eq. (3.39), i. e. the TE case, instead of the first term d
2F
dx2
of the TM case we need to
discretize, n2(x) d
dx
(
1
n2(x)
d
dx
)
F , which is given by
1
h2
[
n2i
4
(
1
n2i+1
− 1
n2i−1
)
+ 1
]
Fi+1 − 2
h2
Fi +
1
h2
[
n2i
4
(
1
n2i−1
− 1
n2i+1
)
+ 1
]
Fi−1
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A.2 Tube Wall Windings
A spiral structure correctly represents the tube cross-section (see Fig. A.1 (a)). The
number of windings N of the tube wall depends on the geometry of the pattern of the
bi-layer which will form the tube. For a square pattern N is constant along the tube axis
(z direction); for a circular pattern this number varies along z, N = N(z).
Fig. A.1: (a) Illustration of the cross-section of a rolled-up microtube. (b) Top-view sketch of
a microtube rolled-up from a circular bi-layer, which might form a cone-like tube (Chapter 5).
The radius of the internal surface of the tube Rint is defined as,
Rint(θ, z) = R0(z) +
θ
2pi
T (A.1)
where T is the bi-layer thickness, R0(z) is the initial inner radius (at θ = 0 for z = 0).
The winding N can be calculated from the condition that spiral revolutions are equal to
the rolling length 2Rp(z), i. e.
2Rp(z) =
∫ 2piN
θ=0
Rint(θ, z)dθ = 2piNR0(z) + piN
2T (A.2)
where Rp(z) =
√
R2p0 − z2 is half of the rolling length at z (see Fig. A.1 (b)) and Rp0 is
the radius of the circular pattern. By solving the quadratic equation in N we get
N(z) =
√
R20(z)
T 2
+
2Rp(z)
piT
− R0(z)
T
(A.3)
In the limit where the layer thickness is several times smaller than the tube radius, T 
R0(z), then Eq. (A.3) adopts a simpler form
N(z) ≈ 2Rp(z)
pi2R0(z)
(A.4)
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This relation is only applied to quickly estimate the number of rotations of the tube wall.
This formula is intuitive and states that the number of rotations can be approximated
dividing the length of the pattern by the perimeter of the cross section at the point z.
For our calculations, however, only Eq. (A.3) was considered.
In the previous equations, the parameter R0(z) is described taking into account the rolling
of a virtual square pattern (square side of 2Rp0). We note that R0 is constant along z for
a square pattern. For a circular pattern then
R0(z) = Rm(z) + A(z)T (A.5)
where A(z) is the number of rotations of the equivalent virtual layer that completes
the square pattern (identified in the figure as the light region enclosed in the square).
Rm(z) is the measured radius at z. For instance, for a cone-like asymmetric tube, the
diameter variation Dm(z) = 2Rm(z) can be expressed by a monotonic function: Dm(z) =
(Dt + Db)/2 + (∆D/2Rp0)z, with Dt and Db as the measured values of the top end and
bottom end of the tube diameter, and ∆D = Dt −Db.
The parameter A(z) is calculated by considering the distance between virtual square edge
and the circular pattern edge. The initial spiral radius of the virtual square is given
by Rint,sq = Rm + Tθ/(2pi). From the virtual square layer, the missing rolling distance
is related to A(z) by: Rp0 − Rp(z) =
∫ 2piA
θ=0
Rint,sqdθ. After integration and solving the
resulting quadratic equation we get
A(z) =
√
R2m(z)
T 2
+
Rp0 −Rp(z)
piT
− Rm(z)
T
(A.6)
By using Eqs. (A.5) and (A.6), the number of windings N in Eq. (A.3) can be calculated.
The input parameters are T , Dt, Db and Rp0.
A.2.1 Length of the Spiral Cross-Section of a Rolled-up Tube
For each position z the lengths of the thick and thin region of the wall (labelled with
subscripts 1 and 2, respectively) are obtained by integrating the middle radius of the
tube, Rint + Ti/2, i = 1 or 2, (Rint defined in Eq. (A.1)). The thickness of the thick and
thin region are T1(z) = ceiling(N(z))T and T2(z) = floor(N(z))T
The length of each part determines the length of the considered slab waveguide at z and
is calculated by
L1(z) =
∫ θ1
θ=0
(
Rint(θ, z) +
T1(z)
2
)
dθ =
(
R0(z) +
T1(z)
2
)
θ1 +
Tθ21
4pi
(A.7)
and
L2(z) =
∫ 2pi
θ1
(
Rint(θ, z) +
T2(z)
2
)
dθ =
(
R0(z) +
T2(z)
2
+ T
)
θ2 − Tθ
2
2
4pi
(A.8)
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In the last equation we used relation between the angles θ1 = 2pi−θ2. Each angle depends
in z, θi = θi(z), and θ1 is calculated as θ1 = 2pi[N(z)− floor(N(z))].
A.3 Quality Factor
The quality factor (Q) is a widely used parameter to characterize optical cavities, electrical
resonance circuits or mechanical oscillators. Losses mechanisms, here represented in the
parameter Γ, attenuate the amplitude of a resonance over time (see Fig. A.2 (a)). In time
domain and taking into account losses, the electrical field of the mode can be written as
E(t) ∝ cos(ω0t) exp
(
−1
2
Γ t
)
(A.9)
where ω0 is the angular frequency of the optical mode. Thus, the optical period or optical
cycle time (τ) corresponds to
τ =
2pi
ω0
(A.10)
Due to our optical measurement method, we are more familiar to characterize the optical
mode by its position and intensity (I) on the frequency range, instead of the amplitude
variation of the mode frequency over a time range. Fortunately, an equation for the mode
intensity can be obtained by transforming Eq. (A.9) into the frequency domain after
employing a Fourier transform (E(ω)). Thus,
I(ω) ∝| E(ω) |2∝
(−1
2
Γ
)2
(ω − ω0)2 +
(−1
2
Γ
)2 (A.11)
In the frequency domain picture, the optical mode is represented by a Lorentzian curve
located at ω0 and line width ∆ω = Γ, as illustrated in Fig. A.2 (b).
Since the quality factor is usually defined via energy storage and energy lost in the res-
onator, therefore we introduce the energy density of the mode (u(t)), which is proportional
to the intensity of the electrical field and is given by
u(t) ∝| E(t) |2∝
[
exp
(
−1
2
Γ t
)]2
= exp (−Γt) (A.12)
The energy density lost per unit time is
−du(t)
dt
∝ Γ exp (−Γ t) (A.13)
The quality factor is a dimensionless parameter defined by
Q = 2pi
StoredEnergy
EnergyLostperOpt.CycleT ime
= 2pi
u(t)
−du(t)
dt
τ
(A.14)
Fig. A.2: (a) Representation of the attenuation of the amplitude of an oscillating electrical
field over time. (b) The Fourier transform permits to present the oscillating electrical field as a
Lorentzian curve in the frequency domain.
Then, replacing in the previous equation the Eqs. (A.10), and (A.12)-(A.13), Q adopts a
simple relation,
Q =
ω0
Γ
⇒ ω0
∆ω
=
λ0
∆λ
(A.15)
where λ0 is resonant wavelength of the mode and ∆λ the line width of the mode. The last
equality in the previous equation is obtained recalling that ω ∝ 1/λ. The quality factor
informs about the number of optical cycles of the mode before its amplitude decays to
1/e of original value, see Fig. A.2 (a). Experimentally, the losses are represented in the
line width of the PL resonant peak.
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